Information  Technology  Laboratory  erdc/itl  tr-oo-1 


US  Army  Corps 
of  Engineers® 

Engineer  Research  and 
Development  Center 


Computer-Aided  Structural  Engineering  (CASE)  Project 

Evaluation  and  Comparison  of  Stability 
Analysis  and  Uplift  Criteria  for  Concrete 
Gravity  Dams  by  Three  Federal  Agencies 

by  Robert  M.  Ebeling,  Larry  K.  Nuss,  Fred  T.  Tracy,  January  2000 

and  Bruce  Brand 

with  contributions  by 

Terry  West,  Jerry  Foster,  H.  Wayne  Jones, 

Robert  Taylor,  John  Burnworth,  Paul  Noyes, 

Rick  Poeppelman,  John  Jaeger,  Larry  Von  Thun, 
and  Daniel  Mahoney 

The  authors  and  contributors  are  members  of  the  CASE  Massive 
Concrete  Structures  subtask  group  investigating  the  caicuiation  of 
upiift  pressures  in  the  stabiiity  anaiysis  of  concrete  gravity  dams. 


20000320  012 


Approved  for  public  release;  distribution  is  unlimited. 


The  contents  of  this  report  are  not  to  be  used  for  advertising, 
publication,  or  promotional  purposes.  Citation  of  trade  names 
does  not  constitute  an  official  endorsement  or  approval  of  the  use 
of  such  commercial  products. 

The  findings  of  this  report  are  not  to  be  construed  as  an 
official  Department  of  the  Army  position,  unless  so  desig¬ 
nated  by  other  authorized  documents. 


PRINTED  ON  RECYCLED  PAPER 


Computer-Aided  Structural 
Engineering  (CASE)  Project 


ERDC/ITLTR-00-1 
January  2000 


Evaluation  and  Comparison  of  Stabiiity 
Analysis  and  Uplift  Criteria  for  Concrete 
Gravity  Dams  by  Three  Federai  Agencies 


by  Robert  M.  Ebeling 

Information  Technology  Laboratory 
U.S.  Army  Engineer  Research  and 
Development  Center 
3909  Halls  Ferry  Road 
Vicksburg,  MS  39180-6199 

Fred  T.  Tracy 

Information  Technology  Laboratory 
U.S.  Army  Engineer  Research  and 
Development  Center 
3909  Halls  Ferry  Road 
Vicksburg,  MS  39180-6199 

with  contributions  by 

Terry  West,  Federal  Energy  Regulatory  Commission 

Jerry  Foster,  Headquarters,  U.S.  Army  Corps  of  Engineers 

H.  Wayne  Jones,  Engineer  Research  and  Development  Center 

Robert  Taylor,  Great  Lakes  and  Ohio  River  Division 

John  Burnworth,  Vicksburg  District 

Paul  Noyes,  Seattle  District 

Rick  Poeppelman,  Sacramento  District 

John  Jaeger,  Kansas  City  District 

Larry  Von  Thun,  retired  from  the  Bureau  of  Reclamation 

Daniel  Mahoney,  Federal  Energy  Regulatory  Commission 


Larry  K.  Nuss 

Bureau  of  Reclamation 
P.O.  Box  25007,  D-8110 
Denver,  CO  80225 


Bruce  Brand 

Federal  Energy  Regulatory  Commission 
888  1st  Street,  NE 
Washington,  DC  20426 


The  authors  and  contributors  are  members  of  the  CASE  Massive  Concrete 
Structures  subtask  group  investigating  the  calculation  of  uplift  pressures  in 
the  stabiiity  analysis  of  concrete  gravity  dams. 

Final  report 

Approved  for  public  release;  distribution  is  unlimited 


Prepared  for  U.S.  Army  Corps  of  Engineers 
Washington,  DC  20314-1000 


Under 


Work  Unit  31589 


Army  Engineer  Research  and  Development  Center  Cataloging-in-Pubiication  Data 

Evaluation  and  comparison  of  stability  analysis  and  uplift  criteria  for  concrete  gravity  dams  by 
three  federal  agencies  /  by  Robert  M.  Ebeling  ...  [et.  al] ;  prepared  for  U.S.  Army  Corps  of 
Engineers. 

187  p. :  ill.  ;  28  cm.  —  (ERDC/ITL  ;  TR-00-1) 

Includes  bibliographic  references. 

1 .  Gravity  dams  —  Stability.  2.  Concrete  dams  —  Stability.  3.  Structural  stability.  I.  Ebeling, 
Robert  M.,  1954-  II.  United  States.  Army.  Corps  of  Engineers.  III.  U.S.  Army  Engineer 
Research  and  Development  Center.  IV.  Information  Technology  Laboratory  (U.S.) 

V.  Computer-aided  Structural  Engineering  Project.  VI.  Series:  ERDC/ITL  TR  ;  00-1. 

TA7  E8  no. ERDC/ITL  TR-00-1 


Contents 


Preface . vii 

Chapter  1  Stability  Analysis  of  Concrete  Gravity  Dams  with  Uplift 
Water  Pressures  by  U.S.  Army  Corps  of  Engineers, 

Bureau  of  Reclamation,  and  Federal  Energy  Regulatory 
Commission  Criteria  . 1 

1.0  Introduction  . 1 

1.1  Contents . 2 

Chapter  2  Stability  Criteria  for  Concrete  Gravity  Dams  . 5 

2.0  Introduction  . 5 

2.1  Corps  Design  Guidance  and  Stability  Criteria  . 5 

2.1.1  General  requirements  . 5 

2.1.2  Stability  criteria  . 6 

2.1.3  Overturning  stability  and  resultant  location . 7 

2.1.4  Resultant  location  criteria . 9 

2.1.5  Sliding  stability . 9 

2.1.6  Sliding  factor  of  safety . 9 

2.2  Reclamation  Requirements  for  Stability  . 11 

2.2.1  Safety  factors,  basic  considerations  . 11 

2.2.2  Safety  factor:  Compressive  stress  . 12 

2.2.3  Safety  factor:  Tensile  stress . 12 

2.2.4  Safety  factor:  Sliding  stability . 13 

2.2.5  Stability  and  stress  distribution . 14 

2.2.6  Internal  stresses  and  stability  analysis  for 

uncracked  sections  . 15 

2.2.7  Sliding  stability . 17 

2.3  FERC  Stability  Requirements  . 17 

2.3.1  General  requirements  . 17 

2.3.2  Stability  criteria  . 17 

2.3.3  Concrete  strength  criteria . 19 

2.3.4  Determination  of  resultant  location  . 19 

2.3.5  Sliding  stability . 20 

2.3.6  Cracked  base  analysis . 21 


2.4  Comparative  Summary  of  Corps,  Reclamation, 

and  FERC  Criteria . 21 

2.4.1  Similarities  . 21 

2.4.2  Differences  between  Corps  and  Reclamation 

engineering  procedures . 22 

2.4.3  Differences  between  Corps  and  FERC  engineering 

procedures . 24 

Chapter  3  Uplift  and  Cracked  Base  Criteria  for  Concrete  Gravity 

Dams . 25 

3.0  Introduction  . 25 

3.1  Uplift  Pressure  Criteria  . 25 

3.1.1  Corps  guidance  on  computing  uplift  pressures 

along  the  base .  26 

3.1.2  Reclamation  guidance  on  computing  uplift 

pressures  along  the  base . 29 

3.1.3  FERC  guidance  on  computing  uplift  pressures 

along  the  base . 33 

3.1.4  Uplift  criteria  for  the  Corps  and  Reclamation  . 38 

3.2  Cracked  Base  Criteria  . 40 

3.2.1  Corps  guidance  on  crack  initiation/propagation . 40 

3.2.2  Reclamation  guidance  on  crack  initiation . 41 

3.2.3  Reclamation  guidance  on  crack  propagation  . 42 

3.2.4  FERC  guidance  on  crack  initiation 

and  propagation  . 46 

3.2.5  Crack  initiation/propagation  for  the  Corps 

and  Reclamation . 47 

3.2.6  Crack  initiation/propagation  for  the  Corps 

and  FERC . 48 

Chapter  4  Calculation  of  the  Length  of  Cracking  Along  the  Concrete 
Gravity  Dam-to-Foundation  Interface  by  Conventional 
Equilibrium  Analyses  and  the  Corps  Uplift  Pressure 
Distribution . 49 

4.1  Example  Concrete  Gravity  Dam  Problem . 49 

4.2  Stability  Calculations  Made  Using  Corps  Criteria . 51 

4.3  Stability  Calculations  Made  Using  Reclamation  Criteria  ...  54 

4.4  Stability  Calculations  Made  Using  FERC  Criteria  . 64 

4.5  Conclusions  . 64 

Chapter  5  Calculation  of  the  Length  of  Cracking  Along  the  Concrete 
Gravity  Dam-to-Foundation  Interface  by  Conventional 
Equilibrium  Analyses  and  Using  Uplift  Pressure  Distributions 
According  to  the  Guidance  Employed  by  the  Corps, 

Reclamation,  and  FERC . 66 


iv 


5.1  Example  Concrete  Gravity  Dam  Problem  . . 66 

5.2  Stability  Calculations  Made  Using  the  Corps 

Engineering  Procedure  and  Uplift  Pressure  Distributions  ...  67 

5.3  Stability  Calculations  Made  Using  the  Reclamation 
Engineering  Procedure  and  Uplift  Pressure  Distributions  ...  67 


5.4  Stability  Calculations  Made  Using  FERC 

Engineering  Procedure  and  Uplift  Distributions  . 77 

5.5  Conclusions  . 77 

Chapter  6  Summary  and  Conclusions . 80 

6.1  Stability  Criteria  for  the  Corps  and  Reclamation . .  80 

6.1.1  Similarities  . 80 

6.1.2  Differences  . 81 

6.1.3  Calculation  of  the  length  of  cracking  along  the  base 
of  a  100-ft-  (30.5-m-)  high  gravity  dam  section 
using  the  conventional  equilibrium  analyses  and 

using  the  Corps  uplift  pressure  distribution  . 82 

6.2  Uplift  Pressure  Criteria  for  the  Corps  and  Reclamation  ....  82 

6.2.1  Uplift  criteria  for  the  Corps  and  Reclamation  . 82 

6.2.2  Crack  initiation/propagation  for  the  Corps  and 

Reclamation  . 84 


6.2.3  Calculation  of  the  length  of  cracking  along  the  base 
of  a  100-ft-  (30.5-m-)  high  gravity  dam  section 
using  the  conventional  equilibrium  analyses  and 
using  uplift  pressure  distributions  according  to 
guidance  employed  by  the  Corps  and  Reclamation  . .  86 


6.3  Stability  Criteria  for  FERC  and  the  Corps . 86 

6.4  Uplift  Pressure  Criteria  for  FERC  and  the  Corps  . 86 

References  . 88 

Appendix  A:  Corps  Definition  of  Drain  Effectiveness  .  A1 

Appendix  B:  Reclamation  Definition  of  Drain  Effectiveness  and  of 

Crack  Initiation  .  B1 

Appendix  C:  Stability  Calculations  Made  of  a  100-ft-  (30.5-m-)  High 

Concrete  Gravity  Dam  Section  Using  the  Corps  Engineering 
Procedure  and  the  Corps  Uplift  Pressure  Distribution . Cl 

Appendix  D:  Stability  Calculations  Made  of  a  100-ft-  (30.5-m-)  High 

Concrete  Gravity  Dam  Section  Using  the  Reclamation 
Engineering  Procedure  and  the  Corps  Uplift  Pressure 
Distribution  .  D1 


Appendix  E:  Stability  Calculations  Made  of  a  100-ft-  (30.5-m-)  High 

Concrete  Gravity  Dam  Section  Using  the  Reclamation 
Engineering  Procedure  and  the  Reclamation  Uplift  Pressure 


Distribution  . El 

Appendix  F:  Stability  Calculations  Made  Using  FERC  Criteria  . FI 

SF298 


VI 


Preface 


The  work  described  herein  summarizes  the  results  of  an  investigation  of  key 
aspects  of  guidance  published  by  the  U.S.  Army  Corps  of  Engineers,  the  Bureau 
of  Reclamation,  and  the  Federal  Energy  Regulatory  Commission  (FERC)  used  to 
calculate  the  stability  of  gravity  dam  sections.  Funding  for  the  preparation  of 
this  report  was  provided  by  the  Computer-Aided  Structural  Engineering  Program 
sponsored  by  Headquarters,  U.S.  Army  Corps  of  Engineers  (HQUSACE),  as  part 
of  the  Civil  Works  Research  and  Development  Program  on  Structural 
Engineering  (CWR&D).  The  work  was  performed  under  Civil  Works  Work 
Unit  31589,  “Computer-Aided  Structural  Engineering  (CASE),”  for  which 
Dr.  Robert  L.  Hall,  Structures  Laboratory  (SL),  U.S.  Army  Engineer  Research 
and  Development  Center  (ERDC),  is  Problem  Area  Leader  and  Mr.  H.  Wayne 
Jones,  Information  Technology  Laboratory  (ITL),  ERDC,  is  the  Principal 
Investigator.  The  HQUSACE  Technical  Monitor  is  Mr.  Jerry  Foster, 

CECW-ED. 

The  work  was  performed  at  ITL  by  Drs.  Robert  M.  Ebeling  and  Fred  T. 
Tracy,  Computer  Aided  Engineering  Division  (CAED),  ITL,  at  Reclamation  by 
Mr.  Larry  K.  Nuss,  Structural  Analysis  Group,  and  at  FERC  by  Mr.  Bruce 
Brand.  Dr.  Ebeling  was  author  of  the  scope  of  work  for  this  work  unit.  The 
report  was  written  and  prepared  by  Dr.  Ebeling,  Mr.  Nuss,  Dr.  Tracy,  and 
Mr.  Brand  under  the  direct  supervision  of  Mr.  H.  Wayne  Jones,  Chief,  CAED, 
and  Mr.  Tim  Abies,  Acting  Director,  ITL.  Mr.  John  Hendricks,  formerly  with 
ITL,  and  Ms.  Vickie  Parrish,  ITL,  provided  invaluable  assistance  in  preparing 
the  figures  for  the  report.  Contributions  and/or  review  commentary  were 
provided  by  Mr.  Terry  West,  Federal  Energy  Regulatory  Commission,  Mr.  Jerry 
Foster,  HQUSACE,  H.  Wayne  Jones,  ERDC,  Mr.  Robert  Taylor,  U.S.  Army 
Engineer  Division,  Great  Lakes  and  Qhio  River,  Mr.  John  Bumworth, 

U.S.  Army  Engineer  District,  Vicksburg,  Mr.  Paul  Noyes,  U.S.  Army  Engineer 
District,  Seattle,  Mr.  Rick  Poeppelman,  U.S.  Army  Engineer  District, 
Sacramento,  Dr.  John  Jaeger,  U.S.  Army  Engineer  District,  Kansas  City, 

Mr.  Larry  Von  Thun,  retired  from  the  Bureau  of  Reclamation,  and  Mr.  Daniel 
Mahoney,  FERC.  The  authors  and  contributors  are  all  members  of  the  CASE 
Massive  Concrete  Structures  subtask  group  formed  to  investigate  the  calculation 
of  uplift  pressures  in  the  stability  analysis  of  gravity  dams. 


At  the  time  of  publication  of  this  report,  Dr.  Lewis  E.  Link  was  Acting 
Director  of  ERDC,  and  COL  Robin  R.  Cababa,  EN,  was  Commander. 
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promotional  purposes.  Citation  of  trade  names  does  not  constitute  an 
official  endorsement  or  approval  of  the  use  of  such  commercial  products. 
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1.0  Introduction 


The  U.S.  Anny  Corps  of  Engineers  (Corps),  the  Bureau  of  Reclamation 
(Reclamation),  and  Federal  Regulatory  Commission  (FERC)^  have  developed 
and  maintain  guidance  used  to  evaluate  the  stability  of  gravity  dams.  All  three 
Federal  agencies  have  engineering  procedures  based  on  the  use  of  the 
conventional  equilibrium  analysis  of  a  free  body  diagram  of  concrete  gravity 
dam  section(s).  However,  there  are  differences  among  the  published  guidance. 
A  Computer-Aided  Structural  Engineering  (CASE)  Massive  Concrete  Structures 
subtask  group  was  formed  involving  engineers  from  three  Federal  agencies  to 
investigate  aspects  of  guidance  published  by  the  Corps,  Reclamation,  and  FERC 
used  to  calculate  the  stability  of  a  concrete  gravity  dam.  This  report  summarizes 
the  results  of  this  investigation. 


’  Starting  in  1997  FERC  began  to  revise  their  guidance  on  stability  analysis  and  uplift  criteria  for 
concrete  gravity  dams.  The  FERC  guidance  contained  in  this  technical  report  is  based  on  the  1999 
(summer)  draft.  By  the  summer  of  1999  this  FERC  draft  guidance  had  undergone  peer  review  by 
FERC  engineers  and  is  currently  undergoing  peer  review  by  engineers  outside  FERC. 
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The  objective  of  this  report  is  to  identify  similarities,  as  well  as  differences, 
in  the  calculation  of  uplift  as  well  as  crack  initiation  and  crack  propagation  in  the 
stability  of  concrete  gravity  dams  as  an  initial  step  toward  evaluating  a  need  for 
a  unified  Federal  criteria.  An  important  issue  regarding  the  engineering  proce¬ 
dures  as  practiced  by  both  agencies  when  performing  stability  calculations  is 
how  uplift  water  pressures  are  to  be  computed  and  applied  in  the  calculations. 
This  study  is  limited  to  an  imaginary  section  made  through  the  base  of  a  dam. 

Factors  affecting  the  evaluation  of  dam  stability  include  the  following: 

a.  Drain  effectiveness. 

b.  Method  of  determining  crack  length. 

c.  Assumptions  of  crack  orientation. 

d.  Position  of  the  dam-to-rock  foundation  resultant  force  within  the  kern 
versus  stress  at  heel. 

e.  Shear  strength  (cohesion,  friction  angle). 

/.  Tensile  strengths. 

g.  Unit  weight  of  concrete. 

h.  External  loads  (reservoir,  tailwater,  post-tensioning,  overtopping  flows). 

i.  Factors  of  safety. 

Basically  the  methods  used  by  the  three  agencies  to  analyze  concrete  gravity 
dams  using  limit  equilibrium  methods  are  very  similar.  Slightly  different 
methods  and  analytic  procedures  are  used,  but  given  the  same  forces,  the  same 
results  are  obtained.  The  key  differences  are  the  nonsite-specific  equations  used 
to  calculate  uplift  pressures,  the  drain  effectiveness,  and  stability  criteria  for 
factors  of  safety,  allowable  compressive  strength,  and  allowable  tensile  strength. 


1.1  Contents 


Chapter  2  summarizes  the  stability  criteria  and  the  engineering  procedures 
used  to  calculate  the  stability  of  concrete  gravity  dams  according  to  guidance 
published  by  the  three  Federal  agencies.  Similarities  as  well  as  differences  in 
the  stability  criteria  and  engineering  procedures  used  by  the  three  agencies  are 
discussed. 

Chapter  3  summarizes  the  uplift  and  cracked  base  criteria  used  to  calculate 
the  stability  of  concrete  gravity  dams  according  to  guidance  published  by  the 
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three  Federal  agencies.  Similarities  as  well  as  differences  in  the  engineering 
procedures  used  by  the  three  agencies  are  discussed. 

Chapter  4  summarizes  the  calculation  of  the  stability  of  an  example  gravity 
dam  section  using  the  three  engineering  procedures  described  in  Chapter  2  but 
using  the  Corps  uplift  pressure  distribution.  The  uplift  water  pressure 
distribution  applied  in  the  three  sets  of  calculations  is  stipulated  as  that 
developed  in  accordance  with  guidance  published  in  Engineer  Manual  (EM) 
1110-2-2200  (Headquarters,  U.S.  Army  Corps  of  Engineers  (HQUSACE)  1995) 
used  to  design  gravity  dams  and  summarized  in  section  3.1.1  in  Chapter  3  of  this 
report.  The  objective  is  to  demonstrate  that  the  equations  used  in  the 
calculations,  as  described  in  the  guidance  publications  of  the  three  Federal 
agencies,  reflect  the  same  engineering  mechanics  for  the  stability  problem. 
Specifically,  the  methodologies  used  by  the  three  agencies  to  calculate  crack 
potential  and  crack  extent  are  demonstrated. 

Chapter  5  summarizes  the  calculation  of  the  stability  of  the  example  gravity 
dam  section  of  Chapter  4  using  the  three  engineering  procedures  described  in 
Chapter  2.  The  uplift  pressure  distribution  is  assigned  as  stipulated  by  the  guid¬ 
ance  published  by  each  of  the  three  agencies.  The  objective  is  to  demonstrate 
the  impact  of  uplift  distributions  on  the  stability  calculations,  expressed  in  terms 
of  crack  potential  or  crack  extent. 

Chapter  6  summarizes  the  results  of  this  study  and  the  factors  affecting  the 
calculation  of  uplift  pressures  and  dam  stability  according  to  guidance  published 
by  the  Corps,  by  Reclamation,  and  by  FERC. 

Appendix  A  describes  the  Corps  definition  of  drain  effectiveness  for  the 
cases  of  tailwater  below  and  above  the  floor  of  the  drainage  gallery.  The 
example  used  is  the  case  of  a  crack  that  extends  along  the  base  from  the 
upstream  face  of  the  dam  to  a  point  somewhere  before  the  line  of  foundation 
drains. 

Appendix  B  describes  the  Reclamation  definition  of  drain  effectiveness  for 
the  cases  of  tailwater  below  and  above  the  floor  of  the  drainage  gallery  without  a 
crack.  The  scenario  with  a  crack  is  not  applicable  because  the  drain  is  assumed 
ineffective  once  a  crack  forms. 

Appendix  C  lists  the  derivation  of  the  base  pressure  equation  (effective 
stresses)  used  in  the  Corps  guidance  and  outlines  the  calculations  made  in  the 
stability  calculation  for  the  Chapter  4  example  dam  problem.  The  Corps’ 
methodology  to  calculate  crack  potential  and  crack  extent  is  demonstrated. 

Appendix  D  lists  the  base  pressure  equation  (total  stresses)  used  in  the  Recla¬ 
mation  guidance  and  outlines  the  calculations  made  in  the  stability  calculation 
for  the  Chapter  4  example  dam  problem.  The  uplift  water  pressure  distribution 
applied  in  this  set  of  calculations  is  stipulated  as  that  developed  in  accordance 
with  guidance  published  by  the  Corps.  Reclamation  methodology  to  calculate 
crack  potential  and  crack  extent  is  demonstrated. 
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Appendix  E  outlines  the  calculations  made  in  the  stability  calculation  for  the 
Chapter  5  example  dam  problem  using  the  Reclamation  guidance  and 
Reclamation  uplift  pressure  distribution.  Reclamation  criteria  for  uplift  are  used 
to  demonstrate  the  differences  in  uplift  assumptions  between  the  two  agencies. 
The  geometry  of  this  example  dam  is  the  same  as  was  used  in  Chapter  4. 

Appendix  F  outlines  the  calculations  made  in  the  stability  calculation  for  the 
Chapter  5  example  dam  problem  using  the  FERC  guidance  and  FERC  uplift 
distribution.  In  this  problem  the  FERC  and  Corps  uplift  distributions  are  the 
same  with  the  exception  that  FERC  uses  a  slightly  different  value  for  the  unit 
weight  of  water  than  is  typically  assumed  by  the  Corps. 
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2  Stability  Criteria  for 
Concrete  Gravity  Dams 


2.0  Introduction 


The  stability  criteria  and  the  engineering  procedures  used  to  calculate  the  sta¬ 
bility  of  concrete  gravity  dams  according  to  guidance  published  by  the  Corps, 
Reclamation,  and  FERC  are  summarized  in  this  chapter.  The  guidance  for  the 
design  of  gravity  dams  is  given  in  terms  of  the  conventional  equilibrium  method 
of  analysis,  which  is  based  largely  on  classical  limit  equilibrium  analysis.  Only 
that  portion  of  guidance  relating  to  an  imaginary  section  made  through  the  base 
of  the  dam  is  described  in  detail.  The  similarities  as  well  as  differences  in  the 
engineering  procedures  and  stability  criteria  used  by  the  three  agencies  are  also 
summarized. 


2.1  Corps  Design  Guidance  and  Stability  Criteria 

The  stability  analysis  is  described  in  EM  1110-2-2200  (HQUSACE  1995)  on 
concrete  gravity  dam  design,  and  stability  criteria  are  given  in  EM  1110-2-2100 
on  stability  analysis  of  concrete  structures  (HQUSACE  1999).'  The  following 
subsections  summarize  the  Corps'  design  guidance  contained  within  EM  1110-2- 
2200  and  EM  1110-2-2100  and  pertaining  to  stability  considerations  along  an 
imaginary  section  made  through  the  base  of  the  dam. 


*  Starting  in  1997  USAGE  began  to  revise  and  consolidate  their  guidance  on  stability  criteria  for 
concrete  gravity  dams  and  other  hydraulic  structures.  The  Corps  guidance  contained  in  this 
technical  report  is  based  on  the  summer  1999  draft  of  this  guidance  (Engineer  Manual  (EM)  1110- 
2-2100).  By  the  summer  of  1999  this  Corps  draft  guidance  had  undergone  peer  review  by  District 
engineers  as  an  Engineer  Circular,  designated  as  EC  1110-2-291.  EM  1110-2-2100  is  in  the  final 
stages  of  preparation  at  the  time  of  publication  of  this  report. 
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2.1.1  General  requirements 

The  following  are  basic  stability  requirements  for  a  concrete  gravity  dam  for 
all  conditions  of  loading: 

a.  That  it  be  safe  against  overturning  at  any  horizontal  plane  within  the 
structure,  at  the  base,  or  at  a  plane  below  the  base. 

b.  That  it  be  safe  against  sliding  on  any  horizontal  plane  within  the 
structure,  at  the  base,  or  at  a  plane  below  the  base. 

c.  That  the  allowable  unit  stresses  in  the  concrete  or  in  the  foundation 
material  shall  not  be  exceeded. 

Characteristic  locations  within  the  dam  in  which  a  stability  criteria  check  should 
be  considered  include  planes  where  there  are  dam  section  changes  and  high  con¬ 
centrated  loads.  Large  galleries  and  openings  within  the  structure  and  upstream 
and  downstream  slope  transitions  are  specific  areas  for  consideration. 


2.1.2  Stability  criteria 

The  stability  criteria  for  concrete  gravity  dams  for  each  load  condition  are 
listed  in  Table  1  (EM  1110-2-2100).  Seven  basic  loading  conditions  generally 
used  in  concrete  gravity  dam  designs  are  discussed  in  EM  1110-2-2100.  Three 
loading  conditions  are  used  to  categorize  the  frequency  of  occurrence  of  the 
seven  loading  conditions  during  the  design  life  of  the  concrete  gravity  dam 
(Table  2).  The  loading  condition  ranges  from  the  frequent  usual  loading 
condition  to  the  less  frequent  unusual  and  extreme  loading  conditions. 


Table  1 

Stability  and  Stress  Criteria  (Table  4-1  in  EM  1110-2-2200; 
Minimum  Sliding  Factor  of  Safety  Factors  taken  from  Table  3-2 
for  Critical  Structures  with  Ordinary  Site  Information  in 
EM  1110-2-2100) 

Minimum 

Resuitant  Siiding  Foundation 

Location  Factor  of  Bearing 

at  Base  Safety  Pressure 

Middle  1/3  2.0  ^  allowable  0.3 

Middle  1/2  1.5  <  allowable _ 0-5  f; 

Within  base  1.1  ^  1 .33  x  allowable  0.9 

Note:  Is  1  -year  unconfined  compressive  strength  of  concrete.  The  sliding  factors  of  safety 

are  based  on  a  comprehensive  field  Investigation  and  testing  program.  Concrete 
allowable  stresses  are  for  static  loading  conditions.  Lower  minimum  values  of  the  sliding 
factor  of  safety  are  stipulated  by  EM  1 1 1 0-2-21 00  for  critical  structures  with  well-defined 
site  information. 


Concrete  Stress 
Compressive  Tensile 
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Table  2 
Corps  Load 

ling  Conditions  (EM  1110-2-2100) 

Condition  No. 

Load  Condition 

Description 

1 

Unusual  loading  condition 

Construction 

Dam  structure  complete. 

No  headwater  and  tallwater. 

2 

Usual  loading  condition 

Normal  operating 

Headwater  at  norma!  pool  (worst  conditions  with  10-year  return 
period). 

Minimum  tallwater  corresponding  with  this  headwater. 

Uplift. 

Ice  and  silt  pressure,  if  applicable. 

3 

Unusual  loading  condition 

Infrequent  flood 

Pool  at  an  elevation  representing  a  flood  event  with  a  300-year 
return  period. 

Minimum  corresponding  tailwater. 

Uplift. 

Ice  and  silt  pressure,  if  applicable. 

4 

Extreme  loading  condition 

Construction  with  Operational  Basis 
Earthquake 

Operational  Basis  Earthquake  (OBE). 

Horizontal  acceleration  in  upstream  direction. 

No  headwater  or  tailwater. 

5 

Unusual  loading  condition 

Coincident  pool  with  Operational  Basis 
Earthquake 

Operational  Basis  Earthquake  (OBE). 

Horizontal  acceleration  in  downstream  direction. 

Coincident  pool  condition  (pool  elevation  that  is  equal  or 
exceeded  50  percent  of  the  time). 

Uplift  at  preearthquake  level. 

Silt  pressure,  if  applicable. 

No  ice  pressure. 

6 

Extreme  loading  condition 

Coincident  poo!  with  Maximum  Design 
Earthquake 

Maximum  Design  Earthquake  (MDE). 

Horizontal  acceleration  in  downstream  direction. 

Coincident  pool  condition  (pool  elevation  that  is  equal  or 
exceeded  50  percent  of  the  time). 

Uplift  at  preearthquake  level. 

Silt  pressure,  if  applicable. 

No  ice  pressure. 

7 

Usual,  unusual,  or  extreme  loading  condition 
Maximum  Design  Flood 

Combination  of  pool  and  tailwater  that  produces  the  worst 
structural  loading  condition,  with  an  unlimited  return  period 
(may  be  any  event  to  the  Probable  Maximum  Flood). 

Uplift. 

Silt  pressure,  if  applicable. 

No  ice  pressure. 

2.1.3  Overturning  stability  and  resultant  location 

The  overturning  stability  is  calculated  by  applying  all  the  vertical  forces  (N) 
and  lateral  forces  for  each  loading  condition  to  the  Figure  1  dam  and  then  sum¬ 
ming  moments  (SM)  caused  by  the  consequent  forces  about  the  center  line  along 
the  base  for  the  two-dimensional  dam  section  being  analyzed.  The  sum  of 
vertical  forces  includes  the  resultant  force  to  the  uplift  pressure  distribution 
along  the  base.  Thus,  N,  the  vertical  component  of  the  resultant  force  R,  is  the 
resultant  of  the  effective  base  pressure  distribution.  The  resultant  location  is 
offset  from  the  center  line  of  the  dam  by  a  distance  e  and  computed  by: 
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Headwater 

V 


Weight 

I  ^ 


Drainage 

Gallery 


Tailwater 


Drains^ 


Toe, 


Uplift 

Pressures 


Where: 

Weight 

R 

N 

T 


Weight  of  gravity  dam 
Resultant 

Summation  of  (effective)  vertical  forces 
Summation  of  horizontal  forces 


Figure  1 .  Resultant  forces  acting  on  the  free  body  diagram  of  a  gravity  dam  section  according  to 
EM  1110-2-2200 


8 


Chapter  2  Stability  Criteria  for  Concrete  Gravity  Dams 


e 


]E  Moments  about  center  line  at  base 
N 


(1) 


The  methods  for  determining  uplift  forces  will  be  described  in  Chapter  3. 


2.1.4  Resultant  location  criteria 

When  the  resultant  of  all  forces  acting  above  any  horizontal  plane  through  a 
dam  intersects  that  plane  outside  the  kern  (the  middle  third  for  two-dimensional 
loads),  a  noncompression  zone  will  result  for  a  linear  distribution  of  base 
pressure.  A  linear  base  pressure  is  assumed  in  the  conventional  equilibrium 
analysis  for  the  gravity  dam  section  as  shown  in  Figure  2  (Figure  4-2  in 
EM  1110-2-2200).  Three  key  relationships  between  the  base  area  in 
compression  and  the  location  of  the  resultant  are  shown  in  Figure  2.  The  Figure 
2  base  pressure  distributions  represent  the  effective  normal  stress,  P',  along  the 
base  since  uplift  pressures  have  been  included  in  the  normal  force  N  and  the  SM 
calculations.  The  effective  normal  pressure  is  equal  to  total  normal  pressure 
minus  the  uplift  pressure.  For  usual  loading  conditions,  it  is  generally  required 
that  the  resultant  along  the  plane  of  study  remain  within  the  middle  third  to 
maintain  compressive  stresses  in  the  concrete  (Table  1).  For  unusual  loading 
conditions,  the  resultant  must  remain  within  the  middle  half  of  the  base.  For 
extreme  load  conditions,  the  resultant  must  remain  sufficiently  within  the  base  to 
assure  that  base  pressures  are  within  prescribed  limits. 


2.1.5  Sliding  Stability 

The  sliding  stability  is  based  on  a  factor  of  safety  as  a  measure  of  determining 
the  resistance  of  the  structure  against  sliding.  The  multiple  wedge  analysis  is 
used  along  the  base  and  within  the  foundation.  The  equations  used  in  the  multi¬ 
ple  wedge  analysis  are  summarized  in  Chapter  4  of  EM  1110-2-2200. 


2.1.6  Sliding  factor  of  safety 

The  sliding  factor  of  safety  (P5)  is  conceptually  related  to  failure,  the  ratio  of 
the  shear  strength  (x^),  and  the  applied  shear  stress  (x)  along  the  failure  planes  of 
a  test  specimen  according  to 

FS  =  ^  °  ^  ^  ^  )  (2) 

X  X 

where  x^  =  o  tan  (|)  +  c,  according  to  the  Mohr-Coulomb  failure  criterion  with  o 
being  the  normal  stress.  The  sliding  factor  of  safety  is  applied  to  the  material 
strength  parameters  in  a  manner  that  places  the  forces  acting  on  the  structure  and 
rock  wedges  in  sliding  equilibrium. 
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Figure  2. 


P^  = 


L 

e 

R 

N 


LEGEND 

FOUNDATION  PRESSURE 
AT  BASE  (EFFECTIVE 
STRESS) 

BASE  WIDTH  OF  DAM 
ECCENTRICITY  OF  RESULTANT 
RESULTANT  AT  BASE 
NORMAL  COMPONENT  OF  R 


LESS  THAN  100%  BASE  IN  COMPRESSION. 
RESULTANT  OUTSIDE  CENTRAL  THIRD. 


b=3s 


P  max 


Relationship  between  base  area  in  compression  and  resultant  location  (adapted  from 
Figure  4-2  in  EM  1110-2-2200) 
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The  sliding  factor  of  safety  is  defined  as  the  ratio  of  the  maximum  resisting 
shear  (Tp)  and  the  applied  shear  (7)  along  the  slip  plane  at  service  conditions: 


FS 


tan  ({)  +  c  L 

T 


(3) 


where 

N  =  resultant  of  forces  normal  to  the  assumed  sliding  plane 
(|)  =  angle  of  internal  friction 
c  =  cohesion  intercept 

L  =  length  of  base  in  compression  for  a  unit  strip  of  dam 

The  effects  of  uplift  forces  are  to  be  included  in  the  sliding  analysis  when  calcu¬ 
lating  the  force  N.  Section  4-6  in  Chapter  4  of  EM  1110-2-2200  contains  addi¬ 
tional  details  on  the  basic  concepts,  assumptions,  and  simplifications  regarding 
the  sliding  stability  of  concrete  gravity  dams. 


2.2  Reclamation  Requirements  for  Stability 

The  requirements  for  stability  of  concrete  gravity  dams  is  described  in  the 
Bureau  of  Reclamation’s  Manual  on  the  Design  of  Small  Dams  (1987).  The 
following  subsections  summarize  Reclamation's  design  guidance  pertaining  to 
stability  considerations  along  a  representative  section  through  the  base  of  the 
dam. 


2.2.1  Safety  factors,  basic  considerations 

All  loads  used  in  the  design  should  be  chosen  to  represent,  as  nearly  as  can  be 
determined,  the  actual  loads  that  will  occur  on  the  structure  during  operation. 
Section  8.15  of  Chapter  8  (Reclamation  1987)  discusses  the  loading 
combinations  to  be  considered  in  the  analyses.  These  loading  combinations  are 
categorized  as  either  usual,  unusual,  or  extreme  loading  combinations  based  on 
the  frequency  of  the  loading  event  (Table  3).  Safety  factors  for  gravity  dams  are 
based  on  the  use  of  the  gravity  method  of  analysis,  and  those  for  foundation 
sliding  stability  are  based  on  an  assumption  of  uniform  (shear)  stress  distribution 
on  the  plane  being  analyzed.  A  concrete  gravity  dam  must  be  designed  to  resist, 
with  ample  safety  factor,  internal  stresses  and  sliding  failure  within  the  dam  and 
foundation.  Subsections  2.2.2  through  2.2.5  discuss  recommended  allowable 
stresses  and  safety  factors. 
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Table  3 

Reclamation  Load  Combinations 

Condition  No. 

Load  Condition 

Description 

1 

Usual  load  combination 

Normal  reservoir  elevation. 

Uplift. 

Silt. 

Ice. 

Tall  water. 

Minimum  usual  temperature. 

2 

Unusual  load  combination 

Maximum  reservoir  elevation. 

Uplift. 

Silt. 

Tailwater. 

Minimum  usual  temperature. 

3 

Extreme  load  combination 

Usual  loading,  plus  Maximum  Credible  Earthquake. 

4 

Other  loads  and  investigations 

Usual  or  unusual  load  combinations  with  drains  inoperative. 

Dead  loads. 

Other  load  combinations  at  engineer’s  discretion. 

2.2.2  Safety  factor:  Compressive  stress 

The  maximum  allowable  compressive  stress  for  concrete  in  a  gravity  dam 
section  subjected  to  any  of  the  usual  load  combinations  should  not  be  greater 
than  the  specified  compressive  strength  divided  by  a  factor  of  safety  of  3.0. 
Under  no  circumstances  should  the  allowable  compressive  stress  for  the  usual 
load  combinations  exceed  1,500  Ib/in^  (10,342.14  kPa). 

A  safety  factor  of  2.0  should  be  used  in  determining  the  allowable 
compressive  stress  for  the  unusual  load  combinations.  The  maximum  allowable 
compressive  stress  for  the  unusual  load  combinations  should  never  exceed  2,250 
Ib/in^  (15,513.2  kPa). 

The  maximum  allowable  compressive  stress  for  the  extreme  load 
combinations  should  be  determined  in  the  same  way  using  a  safety  factor  of  1.0 
or  greater  if  specified  by  the  designer. 

Safety  factors  of  4.0,  2.7,  and  1.3  should  be  used  in  determining  allowable 
compressive  stresses  in  the  foundation  for  usual,  unusual,  and  extreme  load  com¬ 
binations,  respectively.  (Note:  Compressive  strength  of  foundation  materials 
should  be  based  on  unconfined  compressive  strength.) 


2.2.3  Safety  factor:  Tensile  stress 

The  safety  factor  s  on  the  tensile  strength  of  concrete  should  be  3.0  for  usual, 
2.0  for  unusual,  and  1.0  for  extreme  load  combinations  in  the  computation  of  the 
allowable  stress  at  the  upstream  face  in  Equation  4.  The  allowable  value  for  o^„ 
for  usual  load  combinations  should  never  be  less  than  0.  Cracking  should  be 
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assumed  to  occur  if  the  total  stress  at  the  upstream  face  o^  is  less  than 
Cracking  is  not  allowed  for  usual  and  unusual  load  combinations  for  new  dams; 
however,  cracking  is  permissible  for  the  extreme  load  combination  if  stability  is 
maintained  and  allowable  stresses  are  not  exceeded.  In  order  not  to  exceed  the 
allowable  tensile  stress,  the  minimum  allowable  compressive  stress  computed 
without  internal  water  pressure  should  be  compared  with  the  following 
expression,  which  takes  into  account  stress  from  internal  water  pressure  and  the 
tensile  strength  of  the  concrete  at  the  lift  surfaces: 


=  pwh  - 


(4) 


where 

=  minimum  allowable  compressive  stress  at  the  upstream  face 
p  =  reduction  factor  to  account  for  drains 
w  =  unit  weight  of  water 
h  =  depth  below  water  surface  (= 
f,  =  tensile  strength  of  concrete  at  lift  surfaces 
s  =  safety  factor 

All  parameters  must  be  specified  using  consistent  units. 

The  value  of  the  drain  reduction  factor  p  should  be  1  for  dams  without  tail- 
water  and  if  drains  are  not  present  or  are  inoperable,  or  if  cracking  has  occurred, 
or  is  computed  to  occur,  at  the  upstream  face.  The  value  of  p  should  be  0.4  if 
drains  are  present  and  effective  and  there  is  no  tailwater.  The  drains  must  be 
located  at  a  distance  of  5  percent  from  the  heel  and  have  a  drain  effectiveness 
of  66  percent  (E  =  0.66).  Reclamation  typically  places  drains  at  this  location. 

All  other  conditions  produce  different  values  of  p.  Additional  details  regarding 
the  background  for  the  value  of  p  and  uplift  pressures  will  be  described  in 
Chapter  3. 


2.2.4  Safety  factor:  Sliding  stability 

The  shear-friction  safety  factor  provides  a  measure  of  the  safety  against 
sliding  or  shearing  of  any  section.  The  following  expression  is  the  ratio  of 
resisting  to  driving  forces  and  applies  to  any  section  in  the  structure,  in  the 
foundation,  or  at  its  contact  with  the  foundation  for  the  computation  of  the  shear- 
friction  safety  factor,  Q: 
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where 


CA  +  (  DV  +  Et/  )  tan  (t) 

EV 


(5) 


C  =  unit  cohesion 

A  =  area  of  section  considered  (width  x  uncracked  length) 

=  summation  of  normal  forces 

SU  =  summation  of  uplift  forces  (uplift  is  negative  according  to  the  sign 
convention) 

tan  (j)  =  coefficient  of  internal  friction  (incorporating  effects  of  roughness  or 
“apparent  cohesion”  as  appropriate) 

Sy  =  summation  of  shear  forces 
All  parameters  must  be  specified  using  consistent  units. 

The  minimum  shear-friction  safety  factor  within  the  dam  or  at  the  concrete- 
rock  contact  should  be  3.0  for  usual,  2.0  for  unusual,  and  greater  than  1.0  for 
extreme  load  combinations.  The  safety  factor  against  sliding  or  any  plane  of 
weakness  within  the  foundation  should  be  at  least  4.0  for  the  usual,  2.7  for 
unusual,  and  1.3  for  the  extreme  load  combinations.  If  the  computed  safety 
factor  is  less  than  required,  foundation  treatment  can  be  included  to  increase  the 
safety  factor  to  the  required  value.  For  concrete  structures  on  soil-like 
foundation  materials,  it  is  usually  not  feasible  to  obtain  safety  factors  equivalent 
to  those  prescribed  for  structures  on  competent  rock.  Therefore,  safety  factors 
for  concrete  dams  on  nonrock  foundations  are  left  to  the  engineering  judgment  of 
an  experienced  designer.  If  the  amount  of  intact  rock  through  a  foundation  plane 
cannot  be  reliably  determined  and  continuous  joint  or  shear  planes  are  assumed, 
then  factors  of  siety  of  2.0  for  usual,  1.5  for  unusual,  and  1.0  for  extreme 
loading  combinations  and  a  Newmark  displacement  analysis  are  applied  to 
determine  acceptability  of  implied  displacements  under  earthquake  loadings. 


2.2.5  Stability  and  stress  distribution 

The  stability  of  the  gravity  dam  section  is  assessed  using  the  stress  distribu¬ 
tions  along  imaginary  section(s)  made  through  the  dam,  through  the  dam-to- 
foundation  interface,  and/or  within  the  foundation.  New  dams  are  designed  not 
to  crack  for  all  static  loading  combinations;  however,  cracking  is  permissible  for 
earthquake  loading  if  it  can  be  shown  that  stress,  displacement,  and  stability 
criteria  are  satisfied  during  and  after  the  earthquake  event.  It  is  also  permitted 
for  analyses  to  indicate  that  cracking  is  likely  for  existing  dams  for  the  condition 


14 


Chapter  2  Stability  Criteria  for  Concrete  Gravity  Dams 


of  maximum  water  surface  with  drains  inoperative,  as  long  as  it  can  be  shown 
that  stress  and  stability  criteria  are  satisfied. 


2.2.6  Internal  stresses  and  stability  anaiysis  for  uncracked  sections 

New  dams  are  designed  not  to  crack  for  all  static  load  combinations.  This 
subsection  summarizes  the  considerations  relating  to  sliding  stability  and  internal 
stresses  of  uncracked  sections.  Recall  that  the  overturning  stability  of  the  gravity 
dam  section  is  assessed  using  the  stress  distributions  along  representative  sec- 
tion(s)  through  the  dam,  through  the  dam-to-foundation  interface,  and/or  within 
the  foundation.  All  stability  analyses  of  gravity  dam  section(s)  begin  with  the 
assumption  of  uncracked  sections. 

For  most  concrete  gravity  dams,  internal  stresses  can  be  adequately 
determined  for  a  cross  section  (Figure  3)  using  a  two-dimensional  limit 
equilibrium  method  of  analysis  assuming  a  linear  distribution  of  stress  acting 
normal  to  the  base  of  the  dam  through  which  the  imaginary  section  is  made.  It  is 
applicable  for  the  general  case  of  a  gravity  section  with  a  vertical  upstream  face 
and  a  constant  downstream  slope  and  for  situations  where  there  is  a  variable 
slope  on  either  or  both  faces.  The  two-dimensional  limit  equilibrium  method  is 
substantially  correct,  except  for  horizontal  planes  near  the  base  of  the  dam  where 
the  foundation  yielding  is  not  reflected  in  stress  calculations.  Therefore,  where 
necessary  in  the  judgment  of  an  experienced  design  engineer,  finite  element 
modeling  should  be  used  to  check  stresses  near  the  base  of  a  dam.  Other 
methods  of  analysis  such  as  the  finite  element  method  should  also  be  used  to 
analyze  three-dimensional  behavior.  Grouted  or  keyed  contraction  joints  and 
monolithically  constructed  roller-compacted  concrete  dams  also  exhibit  three- 
dimensional  behavior,  especially  along  changes  in  foundation  grade  or 
foundation  deformation  modulus,  the  effects  of  which  are  not  revealed  in  the 
two-dimensional  analysis. 

The  conventional  equilibrium  method  of  analysis  uses  the  engineering 
mechanics  flexure  formula  to  determine  the  linear  stress  distribution  along  a 
horizontal  plane  within  the  dam: 


EIF  ^  EMy 
A  ~  I 


(6) 


where 

=  (total)  normal  stress  on  a  horizontal  plane 

=  resultant  vertical  force  from  forces  above  the  horizontal  plane 

A  =  area  of  horizontal  plane  considered  (width  x  L) 

SM  =  summation  of  moments  about  the  center  of  gravity  of  the  horizontal 
plane 
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Figure  3.  Resultant  total  forces  acting  on  the  initial  free  body  diagram  of  a  gravity  dam  section 

assuming  full  contact  along  the  base  (i.e.,  no  crack)  according  to  Bureau  of  Reclamation 
(1987) 
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y  =  distance  from  the  neutral  axis  of  the  horizontal  plane  to  where  is 
desired 

/  =  moment  of  inertia  of  the  horizontal  plane  about  its  center  of  gravity 
(width  X  L^I12  for  a  solid,  rectangular  section) 

Equation  6  is  used  by  Reclamation  to  compute  the  total  vertical  (z  direction) 
normal  stresses  (o^)  at  the  heel  and  toe  of  a  gravity  dam  section.  The  vertical 
forces  HW  and  moments  SM  are  calculated  about  the  center  of  the  uncracked 
base.  Similarly,  the  total  vertical  stress  can  be  calculated,  as  shown  in  Figure  4, 
by  computing  the  location  of  the  resultant  forces  above  the  horizontal  plane  and 
using  the  sum  of  the  vertical  forces  and  the  eccentricity  e.  Forces  from  uplift 
pressures  below  the  horizontal  plane  are  not  included  in  the  computation  of  total 
stress.  Reclamation  calculates  and  includes  stresses  induced  from  uplift  (o^^ 
separately  as  described  in  the  tensile  criteria  discussed  in  section  2.2.3  and  crack 
initiation  discussed  in  Chapter  3.  Typically,  the  largest  compressive  stress  is  at 
the  toe  of  the  dam  and  a  lesser  compressive  stress  or  tensile  stress  is  at  the  heel 
of  the  dam. 


2.2.7  Sliding  stabiiity 

The  horizontal  force,  SV  on  the  Figure  3  imaginary  section  made  through  the 
base  of  the  concrete  gravity  dam,  tends  to  displace  the  dam  in  a  horizontal  direc¬ 
tion  (downstream).  This  tendency  is  resisted  by  the  shear  resistance  of  the  con¬ 
crete  or  the  foundation.  The  rigid  block  method  of  analysis,  which  assumes  a 
uniform  shear  stress  distribution  on  the  potential  failure  plane  analyzed,  should 
be  sufficient  for  most  cases.  However,  for  cases  where  the  rigid  block  analysis 
may  not  be  applicable,  such  as  cases  involving  a  variable  foundation  deformation 
modulus  or  special  cases  involving  foundation  treatment,  finite  element 
modeling  may  be  warranted  to  more  accurately  predict  stress  levels  and 
distributions.  The  shear-friction  safety  factor  is  computed  using  Equation  5  for 
each  imaginary  section  being  investigated  and  the  results  compared  against  the 
design  criteria  given  in  section  2.2.4. 


2.3  FERC  Stability  Requirements 

2.3.1  General  requirements 

FERC  general  requirements  for  gravity  dam  stability  are  the  same  as  those 
listed  in  section  2.1.1  for  the  Corps. 


2.3.2  Stability  criteria 

The  FERC  loading  conditions  are  distinguished  as  either  static  or  seismic  in 
concrete  gravity  dam  designs  (Table  4).  The  FERC  stability  criteria  for  concrete 
gravity  dams  for  each  load  condition  are  summarized  in  Table  5. 
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Figure  4.  Relationship  between  base  area  in  compression  and  resultant  location  according  to 
Bureau  of  Reclamation  (1987) 
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Table  4 

The  FERC  Loading  Conditions 

Condition  No. 

Case 

Description 

1 

Worst  static  case 

Pool  and  tailwater  combination  that  produces  the  most  unstable 
condition. 

Uplift. 

Ice  and  silt  pressure. 

2 

Maximum  dynamic  case 

Maximum  Credible  Earthquake  with  horizontal  acceleration  in 
downstream  direction. 

Normal  pool  elevation. 

Minimum  tailwater  elevation. 

Uplift  at  preearthquake  level. 

Silt  pressure. 

Table  5 

The  FERC  Stability  and  Stress  Criteria 


Load  Condition 


Resultant  Location  Sliding  Safety  Factor 


Foundation  Bearing  Stress  Safety  Factor^ 


Worst  static 


Not  specified 


1.52 


3.0 


Maximum  dynamic 


Not  specified 


1.0^ 


1.0 


^  Bearing  stresses  are  based  on  the  ultimate  strength  of  the  foundation  or  the  dam  concrete,  whichever  is  less. 
Limitation  of  the  bearing  stress  guarantees  that  the  structure  will  not  overturn. 

^  The  sliding  factor  of  1 .5  is  based  on  a  no-coheslon  analysis.  It  has  been  the  experience  of  FERC  that  cohesion  on 
any  given  failure  plane  is  hard  to  measure  accurately.  The  coefficient  of  variation  of  the  cohesion  is  so  high  that  factors 
of  safety  have  to  be  very  high  in  order  to  guarantee  confidence.  Because  the  coefficient  of  variation  of  frictional 
resistance  is  much  less,  FERC  believes  that  the  required  safety  factor  can  be  lowered  appropriately.  Frictional 
resistance  should  incorporate  the  effect  of  asperities  on  the  failure  plane  being  considered. 

®  If  the  worst  static  case  is  the  probable  maximum  flood,  a  factor  of  safety  of  1 .3  may  be  accepted. 

"  FERC  does  not  accept  conventional  stability  analysis  for  dynamic  loading  in  seismic  zones  above  zone  1 .  High- 
hazard-potential  structures  in  zone  2  or  higher  must  be  evaluated  using  true  dynamic  analysis  techniques.  If  sufficient 
concrete  cracking  is  predicted,  the  nonlinear  analysis  may  be  required. _ 


2.3.3  Concrete  strength  criteria 

The  exceedence  of  concrete  compressive  strength  in  a  concrete  gravity  dam  is 
not  typically  a  concern.  The  comprehensive  stresses  are  usually  on  the  order  of 
10  percent or  less.  Allowable  shear  and  tensile  stresses  are  given  in  Table  6. 


2.3.4  Determination  of  resuitant  iocation 

FERC  determines  the  resultant  location  in  a  manner  similar  to  that  of  the 
Corps;  however,  it  is  more  general.  All  forces,  including  uplift,  are  applied  to 
the  structure.  Moments  are  taken  about  0,0,  which  does  not  necessarily  have  to 
be  at  the  toe  of  the  dam.  The  line  of  action  of  the  resultant  is  then  determined  as 
shown  in  Figure  5.  The  intersection  of  the  resultant  line  of  action  and  the 
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Table  6 

The  FERC  Allowable  Stress  Criteria 

Load 

Condition 

Shear  Stress  on  Pre-cracked 
Failure  Piane^ 

Principal  Axis  Tension  Within 

Intact  Concrete^ 

Worst  static 

0.93o„ 

1-7(4')^ 

Maximum  dynamic 

1.4a„ 

2.6(0^ 

^  ACI  31 8  (American  Concrete  Institute  (ACI)  1 995)  has  specified  that  the  ultimate  shear  strength 
of  concrete  along  a  preexisting  crack  in  monolithically  cast  concrete  is  1 .4  times  the  normal  stress 
on  the  crack,  o„  provided  of  course  that  the  normal  stress  Is  compressive  (See  ACI  31 8-95,  Sec 
11.7.4) 

^  Strength  failure  of  intact  concrete  is  governed  by  the  tensile  strength  of  concrete  normal  to  the 
plane  of  maximum  principal  axis  tension.  The  limits  shown  are  taken  from  Raphael  (1984). 

Figure  5.  Resultant  location,  FERC 

sloping  failure  plane  is  the  point  of  action  of  the  resultant  on  the  structure.  The 
FERC  technique  will  yield  identical  results  to  the  Corps  technique. 


2.3.5  Sliding  stability 

FERC  determines  sliding  stability  in  the  same  manner  as  the  Corps  of 
Engineers.  A  failure  plane  or  set  of  failure  planes  are  selected,  and  frictional 
resistance  on  the  failure  planes  is  assumed  to  be  that  which  exactly  satisfies 
force  equilibrium.  Factor  of  safety  is  defined  as  the  ratio  of  the  actual  frictional 
shear  resistance  to  the  resistance  necessary  to  achieve  force  equilibrium. 

FERC  requires  sliding  and  overturning  stability  at  the  structure  base  and  any 
rock  joint  below  the  base.  Sliding  on  horizontal  planes  within  the  intact  concrete 
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of  the  structure  is  addressed  through  a  limit  on  the  maximum  principal  tensile 
stress  allowed.  Sliding  on  horizontal  cracks  within  the  dam  is  addressed  in  the 
same  manner  as  sliding  on  the  foundation. 


2.3.6  Cracked  base  analysis 

FERC,  like  the  Corps,  assumes  a  linear  effective  stress  distribution  along  the 
dam  base,  or  along  any  failure  plane  under  consideration  (Figure  6).  A  crack  is 
assumed  to  develop  between  the  base  and  foundation  if  the  stress  normal  to  the 
base  is  tensile.  The  length  of  this  crack  is  uniquely  determined  by  the  location  of 
the  resultant  and  the  assumption  of  a  linear  effective  stress  distribution. 


Figure  6.  Effective  stress  normal  to  the  base,  base  area  in 
compression,  and  resultant  location,  FERC 

The  FERC  crack  base  determination  will  yield  identical  results  to  the  Corps 
determination. 


2.4  Comparative  Summary  of  Corps, 

Reclamation,  and  FERC  Criteria 

This  section  summarizes  the  similarities  as  well  as  differences  in  the  stability 
criteria  and  engineering  procedures  used  by  the  Corps,  Reclamation,  and  FERC. 


2.4.1  Similarities 

All  three  Federal  agencies  share  the  following  basic  stability  requirements  for 
a  concrete  gravity  dam  for  all  conditions  of  loading; 

a.  That  it  be  safe  against  overturning  at  any  horizontal  plane  within  the 
structure,  at  the  base,  or  at  a  plane  below  the  base. 
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b.  That  it  be  safe  against  sliding  on  any  horizontal  plane  within  the 
structure,  at  the  base,  or  at  a  plane  below  the  base. 

c.  That  the  allowable  unit  stresses  in  the  concrete  or  in  the  foundation 
material  shall  not  be  exceeded. 

The  stability  of  concrete  gravity  dams  is  evaluated  for  more  frequent,  usual 
loadings,  and  less  frequent,  unusual  and  extreme  loadings.  The  stability  criteria 
against  sliding  and  overstressing  of  material  regions  within  either  the  gravity 
dam  or  its  foundation  are  expressed  in  terms  of  either  minimum  values  for  the 
factors  of  safety  or  maximum  allowable  stresses.  Although  not  exactly  the  same, 
these  limiting  parameter  values  are  generally  consistent  for  the  Corps, 
Reclamation,  and  FERC. 

All  three  agencies  describe  their  stability  criteria  for  concrete  gravity  dam 
sections  using  conventional  equilibrium  analyses  and  limit  state  theory.  All 
three  agencies  evaluate  the  level  of  stability  of  a  concrete  gravity  dam  using 
computations  for  cracking  potential  and  sliding  stability.  The  Corps  uses  the 
location  of  the  force  resultant  at  the  base  of  the  dam,  FERC  uses  allowable 
stresses  (e.g.,  bearing  and  concrete  compressive  stresses),  and  Reclamation  uses 
stresses  computed  at  the  upstream  face  of  the  concrete  gravity  dam  to  judge  the 
safety  of  the  gravity  dam.  None  of  the  three  agencies  specifically  expresses 
stability  against  overturning  of  the  concrete  gravity  dam  section  in  terms  of  a 
factor  of  safety  against  overturning  about  its  downstream  face. 


2.4.2  Differences  between  Corps  and  Reclamation 
engineering  procedures 

The  engineering  procedures  used  by  the  Corps  and  Reclamation  to  evaluate 
the  level  of  stability  of  a  concrete  gravity  dam  differ  in  the  following  four 
aspects: 


a.  Computations  for  cracking  potential.  The  actual  computations  for 

cracking  potential  in  the  concrete  are  different  but  do  produce  identical 
results.  The  Corps  computes  the  location  of  the  resultant  forces 
(including  uplift)  on  the  base  of  the  dam  free-body  diagram  and 
compares  this  location  to  the  predetermined  position  along  the  dam  base 
of  the  middle  third  for  usual,  middle  half  for  unusual,  or  with  the  dam 
base  for  extreme  loading  combinations  (Table  1).  If  the  resultant  is 
outside  the  middle  third,  there  is  a  potential  for  concrete  cracking.  The 
effective  stress  (including  uplift) p'  is  calculated  assuming  a  linear 
distribution,  and  compared  with  the  allowable  concrete  tensile  strength 
(Table  1).  Reclamation  computes  and  compares  the  total  vertical  stress 
(forces  excluding  uplift)  at  the  upstream  face  of  the  dam  with  the 
vertical  stress  due  to  uplift  only  at  the  upstream  face  of  the  dam  less  a 
factor  for  the  tensile  strength  of  the  concrete/,  A  (Equations  4  and  6). 

The  distribution  for  is  assumed  linear.  If  this  comparison  indicates 
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concrete  cracking,  a  cracked  base  analysis  is  performed  to  determine  the 
crack  length. 

b.  Computations  for  crack  length.  If  cracking  is  predicted,  a  cracked  base 
analysis  is  performed  by  the  Corps  and  Reclamation  to  determine  the 
crack  length.  Although  the  actual  calculations  are  different,  as  will  be 
described  in  Chapter  3,  they  produce  the  same  results.  Basically  the 
differences  in  the  crack  length  determination  are  as  follows: 

(1)  The  Corps  iterates  the  crack  length  and  computes  the  position  of  the 
resultant  effective  forces  until  equilibrium  is  reached.  Next  the 
Corps  checks  stability  by  comparing  this  point  of  action  with  the 
prescribed  allowable  locations  along  the  base  and  also  checks  the 
sliding  resistance  on  the  uncracked  portion  of  the  base. 

(2)  Reclamation  computes  the  effective  stress  at  the  crack  tip  and 
iterates  the  crack  length  until  zero  stress  at  the  crack  tip  is  achieved. 
Then  Reclamation  computes  the  sliding  stability  of  the  uncracked 
base. 

c.  Incorporation  of  uplift.  Uplift  forces  are  incorporated  at  different  stages 
during  the  calculations  when  predicting  cracking  potential.  The  Corps 
includes  uplift  pressures  in  the  free  body  section  of  the  gravity  dam 
when  computing  the  vertical  component  of  the  resultant  force  and  its 
point  of  action  (Figure  1)  and  effective  base  pressure  distribution 
(Figure  2).  Reclamation  incorporates  the  effects  of  uplift  in  separate 
calculations  so  that  the  total  vertical  stress  at  the  upstream  face  is 
compared  with  the  equivalent  uplift  stress  o^. 

d.  Allowable  factors  of  safety.  Allowable  factors  of  safety  and  strength  in 
the  concrete  are  different  as  follows: 

(1)  For  usual  load  combinations  on  critical  structures  with  ordinary  site 
information,  the  Corps  requires  a  resultant  location  in  the  middle 
third,  minimum  sliding  factor  of  safety  of  2.0,  an  allowable  concrete 
compressive  stress  of  0.3  ft' ,  and  an  allowable  concrete  tensile 
strength  of  zero.  Reclamation  requires  compressive  stress  at  the 
upstream  face,  minimum  sliding  factor  of  safety  of  3.0,  an  allowable 
concrete  compressive  stress  of  one-third  the  concrete  strength  or 
less  than  1,500  Ib/in.^  (10,342.11  kPa),  and  an  allowable  concrete 
tensile  strength  of  one-third  the  concrete  tensile  strength. 

(2)  For  unusual  load  combinations  on  critical  structures  with  ordinary 
site  information,  the  Corps  requires  a  resultant  location  in  the 
middle  half,  minimum  sliding  factor  of  safety  of  1.5,  an  allowable 
concrete  compressive  stress  of  0.5ft',  and  an  allowable  concrete 
tensile  strength  of  0.6  ft'^'^.  Reclamation  permits  tension  stress  or 
cracking  at  the  upstream  face,  minimum  sliding  factor  of  safety  of 
2.0,  an  allowable  concrete  compressive  stress  of  one-half  the 


Chapter  2  Stability  Criteria  for  Concrete  Gravity  Dams 


23 


concrete  strength  or  less  than  2,250  Ib/in.^  (15,513.2  kPa),  and  an 
allowable  concrete  tensile  strength  of  one-half  the  concrete  tensile 
strength. 

(3)  For  extreme  load  combinations  on  critical  structures  with  ordinary 
site  information,  the  Corps  requires  a  resultant  location  within  the 
dam  base,  and  minimum  sliding  factor  of  safety  of  1.1,  an  allowable 
concrete  compressive  stress  of  0.9//,  and  an  allowable  concrete 
tensile  strength  of  1.5  Reclamation  permits  tensile  stress  or 
cracking  at  the  upstream  face,  minimum  sliding  factor  of  safety  of 
1.0,  an  allowable  concrete  compressive  stress  equal  to  the  concrete 
strength,  and  an  allowable  concrete  tensile  strength  equal  to  the 
concrete  tensile  strength. 

(4)  The  comparisons  made  between  Corps  and  Reclamation  allowable 
factors  of  safety  used  Corps  minimum  values  of  the  sliding  factor  of 
safety  for  critical  structures  with  ordinary  site  information 

(EM  1110-2-2100).  The  Corps  allows  for  lower  allowable  values  of 
the  sliding  factor  of  safety  for  critical  structures  with  well-defined 
site  information.  Reclamation  stability  criteria  do  not  formally 
associate  the  stipulated  minimum  values  for  the  allowable  factor  of 
safety  with  the  quality  of  the  site  information.  Site  information  and 
allowable  factors  of  safety  are  inputs  and  considerations  when 
performing  risk  analysis  for  a  specific  stmcture  or  Consultant 
Review  Boards. 


2.4.3  Differences  between  Corps  and  FERC  engineering 
procedures 

FERC  does  not  have  different  safety  factors  based  on  whether  or  not  the  load 
is  usual  or  unusual;  rather  it  requires  that  all  static  load  cases  have  a  factor  of 
safety  of  1.5  or  greater. 

In  some  circumstances  FERC  has  lower  safety  factor  requirements  than  the 
other  two  Federal  agencies;  however,  FERC  requires  conservative  interpretations 
of  the  foundation  strength  parameters  and  drain  effectiveness  assumptions. 

FERC  requires  the  assumption  of  zero  tensile  strength  normal  to  the  failure 
plane  being  considered.  Crack  propagation  is  uniquely  determined  by  the 
location  of  the  resultant  of  effective  base  stress  and  the  assumption  of  a  linear 
effective  stress  distribution.  Uplift  is  treated  as  an  applied  force,  as  it  is  in  the 
Corps  technique. 
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3  Uplift  and  Cracked  Base 
Criteria  for  Concrete 
Gravity  Dams 


3.0  Introduction 

The  uplift  and  cracked  base  criteria  used  to  calculate  the  stability  of  concrete 
gravity  dams  according  to  guidance  published  by  the  Corps,  by  Reclamation, 
and  by  FERC  are  addressed  in  this  chapter.  The  similarities  as  well  as 
differences  in  the  engineering  procedures  used  by  the  three  Federal  agencies  are 
also  summarized. 


3.1  Uplift  Pressure  Criteria 

The  calculation  of  uplift  pressures  according  to  guidance  published  by  the 
Corps,  Reclamation,  and  FERC  is  summarized  in  this  section.  Only  that  portion 
of  guidance  relating  to  an  imaginary  section  made  through  the  base  of  the  dam  is 
described. 

Uplift  pressure  resulting  from  headwater  and  tailwater  exists  through  cross 
sections  within  the  dam,  at  the  interface  between  the  dam  and  the  foundation, 
and  within  the  foundation  below  the  base.  This  pressure  is  present  within  the 
cracks,  pores,  joints,  and  seams  in  the  concrete  and  foundation  material.  Uplift 
pressure  is  an  active  force  that  must  be  included  in  the  stability  and  stress 
analysis  to  ensure  structural  adequacy.  These  pressures  vary  with  time  and  are 
related  to  boundary  conditions  and  the  permeability  of  the  material. 

Uplift  pressures  are  assumed  by  the  Corps  and  FERC  to  be  unchanged  by 
earthquake  loads.  Reclamation  assumes  a  change  as  a  crack  develops  during  an 
earthquake.  Reclamation  criteria  state  that  when  a  crack  develops  during  an 
earthquake  event,  uplift  pressures  within  the  crack  are  assumed  to  be  zero.  This 
assumption  is  based  on  studies  that  show  the  opening  of  a  crack  during  an 
earthquake  event  relieves  internal  water  pressures,  and  the  rapidly  cycling  nature 
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of  opening  and  closing  the  crack  does  not  allow  reservoir  water,  and  associated 
pressure,  to  penetrate. 

3.1.1  Corps  guidance  on  computing  upiift  pressures  aiong  the  base 

The  uplift  pressure  will  be  considered  as  acting  over  100  percent  of  the  base. 
A  hydraulic  gradient  between  the  upper  pool  and  lower  pool  is  developed 
between  the  heel  and  the  toe  of  the  dam.  The  pressure  distribution  along  the 
base  and  in  the  foundation  is  dependent  on  the  effectiveness  of  drains  and  grout 
curtain,  where  applicable,  and  geologic  features  such  as  rock  permeability, 
seams,  jointing,  and  faulting.  The  uplift  pressure  at  any  point  under  the  structure 
will  be  tailwater  pressure  plus  the  pressure  measured  as  an  ordinate  from 
tailwater  to  the  hydraulic  gradient  between  the  upper  and  lower  pool. 

In  Corps  guidance,  the  distribution  of  uplift  pressures  applied  along  the  base 
of  the  dam  is  interrelated  with  the  distribution  of  effective  base  pressures 
computed  along  this  imaginary  section.  Section  2.1.4  of  this  report  describes  the 
Corps  guidance  pertaining  to  the  calculation  of  the  effective  base  pressure 
distribution. 

3.1.1.1  Without  drains.  Where  there  have  not  been  any  provisions  for  uplift 
reduction,  the  hydraulic  gradient  will  be  assumed  to  vary,  as  a  straight  line,  from 
headwater  at  the  heel  to  zero  or  tailwater  at  the  toe.  Determination  of  uplift,  at 
any  point  on  or  below  the  foundation,  is  demonstrated  in  Figure  7  (Figure  3-1  in 
EM  1110-2-2200). 

3. 1.1.2  With  drains.  Uplift  pressures  at  the  base  or  below  the  foundation 
can  be  reduced  by  installing  foundation  drains.  The  effectiveness  of  the  drainage 
system  will  depend  on  depth,  size,  and  spacing  of  the  drains;  the  character  of  the 
foundation;  and  the  facility  with  which  the  drains  can  be  maintained.  This  effec¬ 
tiveness  will  be  assumed  to  vary  from  25  to  50  percent,  and  the  design 
memoranda  should  contain  supporting  data  for  the  assumption  used.  (The  value 
assigned  to  the  drain  effectiveness  E  is  expressed  as  a  decimal  fraction  in  the 
equations  given  in  the  figures.)  The  basis  for  the  Corps's  definition  of  drain 
effectiveness  E  is  given  in  Appendix  A.  If  foundation  testing  and  flow  analysis 
provide  supporting  justification,  the  drain  effectiveness  can  be  increased  to  a 
maximum  of  67  percent  for  new  dams  with  approval  from  CECW-ED 
(Section  3-3  in  EM  1110-2-2200).  (Refer  to  section  8-6  in  EM  1110-2-2200  for 
discussions  regarding  uplift  at  existing  dams.)  This  criterion  deviation  will 
depend  on  the  pool  level  operation  plan  instrumentation  to  verify  and  evaluate 
uplift  assumptions  and  an  adequate  drain  maintenance  program.  Along  the  base, 
the  uplift  pressure  will  vary  linearly  from  the  undrained  pressure  head  at  the 
heel,  to  the  reduced  pressure  head  at  the  line  of  drains,  to  the  undrained  pressure 
head  at  the  toe,  as  shown  in  Figure  8  (Figure  3-2  in  EM  1110-2-2200).  In  this 
figure  H4  equals  the  height  of  the  gallery  floor  above  the  base  of  the  dam.  Note 
that  the  equation  for  H-^  given  in  Figure  8  with  i/4  >  H2  includes  a  correction  to 
the  original  equation  given  fori/3  in  Figure  3-2  in  EM  1110-2-2200.  Where  the 
line  of  drains  intersects  the  foundation  within  a  distance  of  5  percent  of  the 
reservoir  depth  from  the  upstream  face,  the  uplift  may  be  assumed  to  vary  as  a 
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Figure  8.  Corps  uplift  distribution  with  drainage  gallery  (Figure  3-2  in  EM  1 110-2-2200  with  corrected  equation  for  HgWhen  H^>  H  ^ 


single  straight  line,  which  would  be  the  case  if  the  drains  were  exactly  at  the 
heel.  This  condition  is  illustrated  in  Figure  9  (Figure  3-3  in  EM  1110-2-2200). 

If  the  drainage  gallery  is  above  tailwater  elevation,  the  pressure  of  the  line  of 
drains  should  be  determined  as  though  the  tailwater  level  is  equal  to  the  gallery 
elevation. 

3.1.1.3  Grout  curtain.  For  drainage  to  be  controlled  economically, 
retarding  of  flow  to  the  drains  from  the  upstream  head  is  mandatory.  This  may 
be  accomplished  by  a  zone  of  grouting  (curtain)  or  by  the  natural  imperviousness 
of  the  foundation.  A  grouted  zone  (curtain)  should  be  used  whenever  the 
foundation  is  amenable  to  grouting.  Grout  holes  shall  be  oriented  to  intercept 
the  maximum  number  of  rock  fractures  to  maximize  the  grout  curtain’s 
effectiveness.  Under  average  conditions,  the  depth  of  the  grout  zone  should  be 
two-thirds  to  three-fourths  of  the  headwater-tailwater  differential  and  should  be 
supplemented  by  foundation  drain  holes  with  a  depth  of  at  least  two-thirds  that 
of  the  grout  zone  (curtain).  Where  the  foundation  is  sufficiently  impervious  to 
retard  the  flow  and  where  grouting  would  be  impractical,  an  artificial  cutoff  is 
usually  unnecessary.  Drains,  however,  should  be  provided  to  relieve  the  uplift 
pressures  that  would  build  up  over  a  period  of  time  in  a  relatively  impervious 
medium.  In  a  relatively  impervious  foundation,  drain  spacing  would  be  closer 
than  in  a  relatively  permeable  foundation. 

3.1.1.4  Zero  compression  zones.  Uplift  on  any  portion  of  any  foundation 
plane  not  in  compression  shall  be  100  percent  of  the  hydrostatic  head  of  the  adja¬ 
cent  face,  except  where  tension  is  the  result  of  instantaneous  loading  resulting 
from  earthquake  forces.  When  the  zero  compression  zone  does  not  extend 
beyond  the  location  of  the  drains,  the  uplift  will  be  as  shown  in  Figure  10 
(Figure  3-4  in  EM  1110-2-2200).  For  the  condition  where  the  zero  compression 
zone  extends  beyond  the  drains,  drain  effectiveness  shall  not  be  considered. 

This  uplift  condition  is  shown  in  Figure  11  (Figure  3-5  in  EM  1110-2-2200). 
When  an  existing  dam  is  being  investigated,  the  design  office  should  submit  a 
request  to  CECW-ED  for  a  deviation  if  expensive  remedial  measures  are 
required  to  satisfy  this  loading  assumption. 


3.1.2  Reclamation  guidance  on  computing  uplift 
pressures  along  the  base 

Pore  pressures  are  assumed  to  act  over  100  percent  of  the  base  area  of  the 
gravity  dam  section  being  analyzed.  Corresponding  equations  and  derivations 
are  given  in  Appendix  B. 

3.1.2. 1  Uplift  within  a  crack.  Once  a  crack  occurs,  uplift  pressures  equiva¬ 
lent  to  reservoir  pressure  above  the  crack  exist  throughout  the  entire  crack  depth. 
However,  during  an  earthquake,  the  uplift  pressures  within  newly  formed  cracks 
are  considered  to  drop  to  zero,  because  the  speed  of  water  into  the  crack  is  less 
than  the  speed  of  the  crack  formation. 
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Figure  9.  Corps  uplift  distribution  with  foundation  drains  near  upstream  face  (Figure  3-3  in  EM  1 1 1 0-2-2200) 


Headwater 


Figure  10. 
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Figure  1 1 .  Corps  uplift  distribution  cracked  base  with  drainage,  zero  compression  zone  extending  beyond  drains  (Figure  3-5  in 
EM  1110-2-2200) 


3.1.2.2  Uplift  pressures  at  drains.  Uplift  pressure  distribution  within  a 
gravity  dam,  within  its  foundation,  and  at  the  contact  is  assumed  to  have  an 
intensity  at  the  line  of  drains  Yk^s  equal  to  the  tailwater  pressure  yjii  plus  one- 
third  the  differential  between  headwater  and  tailwater  pressures,  as  shown 
in  Figure  12  for  the  case  of  the  drainage  gallery  below  tailwater.  This  drain 
effectiveness  E  {E  =  0.66  with  a  corresponding  K=l-E  =  0.34)  is  based  on  a 
compilation  of  uplift  profiles  from  many  existing  dams.  This  amount  of  drain 
effectiveness  is  based  on  the  drains  being  fully  functional,  spaced  at  10  ft  (3  m) 
on  centers  across  the  canyon,  at  least  3  in.  (76  mm)  in  diameter,  and  located  at  a 
distance  of  5  percent  of  the  reservoir  head  {H j)  from  the  upstream  face. 
Reclamation  criteria  for  new  designs  assume  a  bilinear  uplift  distribution  from 
full  reservoir  head  at  the  upstream  face  to  the  pressure  head  at  the  drains  to 
tailwater  elevation  at  the  downstream  toe.  When  the  gallery  elevation  is  at 
a  higher  elevation  than  the  tailwater  elevation,  the  calculations  for  are  made 
assuming  H2  is  at  the  same  elevation  as  H^,  as  shown  in  Figure  13.  In  no  case 
should  exceed  those  computed  for  the  dam  without  drains.  For  existing  dams, 
the  actual  measured  uplift  profile  is  used  for  stability  calculations.  If 
measurements  cannot  be  made  (i.e.,  no  access  to  drain  outlets,  gauges 
inoperable,  or  lines  blocked),  the  drains  are  assumed  inoperable  and  the  pressure 
diagram  is  assumed  to  vary  linearly  from  reservoir  head  at  the  upstream  heel  to 
tailwater  head  at  the  downstream  toe.  The  value  of  Hj,  at  the  drains  for  this 
condition  is  identified  as  in  Figures  12  and  13. 

3.1.2.3  Uplift  pressure  at  drains  with  presence  of  cracking.  Unless  mea¬ 
surements  are  to  the  contrary,  drains  are  considered  inoperable  or  ineffective 
after  cracking  occurs.  This  is  a  very  conservative  assumption  because  drains 
may  actually  reduce  uplift  pressures  even  more  effectively  than  before  formation 
of  a  crack.  Every  effort  should  be  made  to  verify  drain  effectiveness  in  the 
presence  of  cracking  before  modifications  to  the  structure  or  before  formation  of 
critical  conclusions  about  stability.  Uplift  is  then  assumed  to  vary  linearly  from 
reservoir  head  at  the  crack  tip  to  tailwater  pressure  head  H2  at  the  downstream 
face.  The  uplift  profiles  with  the  drainage  gallery  below  tailwater  and  above 
tailwater  are  shown  in  Figure  14  and  Figure  15,  respectively.  The  uplift  profiles 
for  cracks  terminating  before  and  after  the  drains  are  shown  in  these  figures.  T 
designates  the  crack  length  andX  designates  the  distance  to  the  line  of  drains, 
both  measured  from  the  upstream  face  of  the  dam  according  to  Reclamation 
terminology. 


3.1 .3  FERC  guidance  on  computing  upiift  pressures 
aiong  the  base 

FERC  assumes  the  same  uplift  pressure  distribution  as  does  the  Corps. 
However,  no  special  provision  is  made  for  drains  within  5  percent  of  the 
reservoir  height  away  from  the  heel.  In  addition,  the  FERC  guidelines  do  not 
preclude  the  possibility  of  drain  effectiveness  in  the  no  compression  (cracked) 
zone. 
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Figure  12.  Reclamation  uplift  profiies  with  drainage  gallery  below  tailwater  and  full  contact  along  the 
base 
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Figure  1 3.  Reclamation  uplift  profiles  with  drainage  gallery  above  tailwater  and  full  contact  along  base 
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Figure  14.  Reclamation  uplift  profiles  with  drainage  gallery  below  tailwater  and  partial  contact  along 
base 


36 


Chapter  3  Uplift  and  Cracked  Base  Criteria  for  Concrete  Gravity  Dams 


Figure  1 5.  Reclamation  uplift  profiles  with  drainage  gallery  above  tailwater  and  partial  contact  along 
base 
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3.1 .3.1  Without  drains 


FERC  assumes  the  same  uplift  distribution  without  drains  as  does  the  Corps. 
In  dynamic  analyses,  uplift  pressure  is  assumed  to  hold  constant  at  its  antecedent 
static  value.  It  is  assumed  not  to  be  affected  by  seismic-induced  cracking. 


3.1 .3.2  With  drains 

FERC  requires  that  drain  effectiveness  assumptions  be  based  on  actual 
piezometric  measurements. 

Drain  effectiveness  based  on  piezometric  data  under  one  load  condition 
cannot  necessarily  be  extrapolated  to  another  loading  condition.  For  example,  a 
measured  drain  effectiveness  at  normal  load  could  not  be  assumed  for  a  flood 
load  if  under  flood  loading,  predicted  base  cracking  is  significantly  different 
from  that  under  normal  loading.  In  addition,  foundation  drains  have  to  be 
accessible  and  cleanable  for  drain  effectiveness  to  be  assumed. 

The  uplift  distributions  assumed  are  the  same  as  those  presented  in  Figures  7, 
8, 9,  and  10  of  this  publication.  In  addition,  where  piezometric  readings  indicate 
that  uplift  reduction  is  occurring  even  in  a  dam  that  has  a  no-tension  zone  that 
extends  downstream  of  the  line  of  drains,  the  uplift  pressure  distribution  shown 
in  Figure  16  may  be  assumed. 


3.1.4  Uplift  criteria  for  the  Corps  and  Reclamation 

Both  Federal  agencies  include  uplift  in  their  stability  calculations.  The 
following  subsections  summarize  the  similarities  as  well  as  differences  among 
the  uplift  criteria. 

3.1.4.1  No  foundation  drains.  When  foundation  drains  are  not  present  or 
are  inoperable,  the  distribution  of  uplift  pressures  is  the  same  for  both  agencies, 
corresponding  to  the  full  reservoir  pressure  head  Hi  below  the  heel  of  the  dam, 
full  tailwater  pressure  head  H2  below  the  toe,  and  with  a  linear  variation  in 
pressure  head  along  the  base. 

3.1.4.2  Foundation  drains  and  full  base  area  contact.  The  uplift  pressure 
distributions  are  slightly  different  between  the  agencies  in  the  case  of  dams  with 
foundation  drains  and  full  contact  along  the  base.  Three  key  factors  contribute 
to  these  differences  in  the  calculation  of  uplift  pressures: 

a.  The  Corps  and  Reclamation  differ  on  their  recommendation  for  the  value 
to  be  assigned  to  drain  effectiveness  E.  The  Corps  limits  the  value  for  E 
to  0.5  in  the  case  of  nonsite-specific  uplift  data  while  Reclamation 
assigns  a  value  to  E  of  0.66  for  new  designs. 
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b.  In  the  case  of  the  elevation  of  the  floor  of  the  drainage  gallery  above 
tailwater  (i/4  >  the  pressure  head  at  the  drain  is  given  in  Corps 
guidance  (Figure  8)  as 


=  K 


(^1  -  ^2) 


(L  -X) 


+  -  H, 


+  H. 


while  ifj  is  given  in  Reclamation  guidance  (Figure  13)  as 


i/3  i/4 


(7) 


(8) 


with K=l-E.  Given  the  same  value  for  drain  effectiveness E,  the 
criteria  giving  the  larger  magnitude  of  computed  uplift  pressures  will 
depend  on  the  location  of  the  drain  X  along  the  base  of  length  L,  the 
height  of  the  tailwater  i/2,  and  height  of  drain 

c.  In  the  case  of  the  elevation  of  the  floor  of  the  drainage  gallery  below  tail- 
water  (i/4  <  i/2),  the  pressure  head  i/3  at  the  drain  is  given  in  Corps  guid¬ 
ance  (Figure  8)  as 
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(^1  -  ^2) 


(9) 


H,  =K 


jL  -X) 


+  H. 


while  is  given  in  Reclamation  guidance  (Figure  12)  as 


H,  =K(H,  -H,) 


(10) 


Because  the  Corps  criterion  multiplies  the  difference  between  headwater 
and  tailwater  by  the  term  (L  -  X)/L,  will  always  be  higher  using  Recla¬ 
mation  criteria  than  Corps  criteria  given  the  same  value  for  drain  effec¬ 
tiveness  E. 

3.1.4.3  Foundation  drains,  partial  base  area  contact,  and  crack  ends 
prior  to  line  of  drains.  When  the  crack  does  not  extend  to  the  line  of  drains,  the 
Corps  engineering  design  procedure  allows  for  consideration  of  drain 
effectiveness.  This  contrasts  with  the  Reclamation  procedure,  which  assumes 
the  drain  ineffective  when  cracking  initiates  unless  measurements  are  contrary. 

3.1.4.4  Foundation  drains  and  partial  base  area  contact  with  crack 
extending  beyond  the  line  of  drains.  Uplift  pressure  distributions  computed 
using  the  Corps  and  Reclamation  procedures  are  the  same  when  the  crack 
extends  beyond  the  line  of  drains.  The  drains  are  considered  to  be  ineffective 
{E  =  0)  in  this  case,  unless  measurements  demonstrate  effectiveness.  This 
distribution  is  full  reservoir  head  (i/j)  in  the  entire  crack,  then  linear  varying 
from  ifj  at  the  crack  tip  to  tailwater  at  the  toe. 


3.2  Cracked  Base  Criteria 

The  cracked  base  criteria  and  corresponding  stability  calculations  made 
according  to  guidance  published  by  the  Corps,  by  Reclamation,  and  by  FERC 
are  summarized  in  this  section.  Only  that  portion  of  guidance  relating  to  an 
imaginary  section  made  through  the  base  of  the  dam  is  described. 


3.2.1  Corps  guidance  on  crack  initiation/propagation 

Crack  initiation  and  propagation  are  based  on  a  comparison  of  internal  (nor¬ 
mal)  stresses  to  the  tensile  capacity  of  the  concrete,  of  the  foundation  material, 
and  of  the  concrete-to-rock  foundation  interface  region.  In  general,  when  the 
allowable  tensile  strength  of  the  material  is  exceeded  along  the  base  of  a  gravity 
dam,  a  crack  is  assumed  to  form  and  propagate  horizontally  to  the  point  at  which 
the  tensile  stress  is  equal  to  the  tensile  strength.  For  a  zero  tensile  strength 
material,  this  remaining  uncracked  section  of  the  base  is  entirely  in  compression. 
New  dams  are  to  be  designed  with  the  resultant  force  located  within  the  middle 
third  of  the  base  for  usual  loadings  (Table  1).  This  corresponds  to  the  case  of 
full  contact  along  the  base  (i.e.,  no  cracking)  when  a  linear  base  pressure 
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distribution  is  assumed,  as  shown  in  Figure  2.  For  unusual  and  extreme 
loadings,  dam  stability  must  also  be  maintained;  however.  Table  1  shows  that 
criteria  for  resultant  location  are  relaxed  compared  with  that  used  for  a  usual 
loading.  Thus,  cracking  is  permissible  for  unusual  and  extreme  loadings  while 
controlling  dam  stability  using  the  Table  1  criteria. 

The  stability  analysis,  as  described  in  Chapter  2,  usually  begins  by  assuming 
full  contact  along  the  base  and  assigning  the  appropriate  distribution  of  uplift 
pressures  (i.e..  Figure  7  through  Figure  9).  Once  cracking  is  indicated,  the  stabil¬ 
ity  calculations  are  repeated  for  the  cracked  section  with  either  the  Figure  10  or 
Figure  11  uplift  pressure  distribution.  In  general,  cracking  along  the  base  of  a 
hydraulic  structure  increases  the  demand  on  the  stmcture  because  of  the 
increased  uplift  pressure  force  being  applied  along  the  base.  Recall  that  Corps 
criteria  apply  full  hydrostatic  pore-water  pressures  within  the  cracked  region. 

The  set  of  calculations  are  repeated  until  there  is  no  additional  change  in 
computed  length  of  crack.  Sample  calculations  are  provided  in  Appendix  C. 


3.2.2  Reclamation  guidance  on  crack  initiation 

Reclamation  criteria  for  cracking  within  concrete  for  dams  are  provided  in 
this  section.  Additional  details  regarding  the  equations  used  in  these 
calculations  are  given  in  Appendix  B. 

In  general,  when  the  allowable  concrete  tensile  strength  (which  is  expressed 
by  means  of  a  minimum  compressive  stress  o^^  in  the  Reclamation  cracking 
criteria)  is  exceeded,  a  crack  is  assumed  to  form  and  propagate  horizontally  to 
the  point  of  zero  effective  normal  stress,  leaving  the  remaining  uncracked  section 
entirely  in  compression  as  explained  in  Appendix  B.  New  dams  should  be 
designed  not  to  crack  for  all  static  loading  combinations;  however,  cracking  is 
permissible  for  earthquake  loading  if  it  can  be  shown  that  stress  and  stability 
criteria  are  satisfied  during  and  after  the  earthquake  event.  It  is  permitted  for 
analyses  to  indicate  that  cracking  is  likely  for  existing  dams,  for  the  condition  of 
maximum  water  surface  with  drains  inoperative,  as  long  as  it  can  be  shown  that 
stress  and  stability  criteria  are  satisfied.  Once  cracking  is  indicated,  a  cracked- 
section  analysis  is  necessary.  This  involves  estimating  the  potential  penetration 
of  a  horizontal  crack  from  the  upstream  face,  and  then  computing  the  stress 
distribution  and  shear-friction  safety  factor  along  the  uncracked  portion. 

Reclamation  uses  the  following  simplified  equation  for  the  minimum 
allowable  compressive  (vertical)  stress  at  the  upstream  face  (o^^  from  uplift 
forces  to  determine  crack  initiation: 


(4) 


is  equal  to  the  absolute  value  of  the  stress  at  the  upstream  face  induced  from 
uplift  forces  minus  the  allowable  tensile  stress,  is  the  equivalent  uplift  stress 
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when  the  tensile  strength  of  concrete/,  is  zero.  The  minimum  allowable 
compressive  stress,  by  definition,  is  the  minimum  allowable  total  stress 
(computed  without  uplift).  Recall  that  the  smallest  total  stress,  designated  as 
(o^)mi„,  is  computed  below  the  upstream  face  when  the  Figure  4  linear  base 
pressure  distribution  is  assumed.  If  the  total  stress  (designated  o^in  Figure  4)  is 
a  compressive  stress  larger  than  then  there  is  compression  at  this  location. 
Otherwise,  a  crack  is  assumed  to  form  at  this  point  along  the  base  (i.e.,  when 

(^z)min  ^  ^zk)' 

The  first  term  in  Equation  4  contains  a  drain  reduction  factor  p  which  equals 
1.0  for  a  dam  without  drains  and  without  tailwater  (//j  =  0)  and  equals  0.4  for  a 
dam  with  drains  and  without  tailwater  (H2  =  0).  A  value  of  0.4  represents  drains 
being  at  about  a  distance  of  5  percent  from  the  heel,  spaced  at  10-ft  (3.05-m) 
centers  across  the  canyon,  at  least  3  in.  (76  mm)  in  diameter.  All  other 
conditions  require  an  adjustment  to  p  as  shown  in  Appendix  B.  Uplift 
measurements  made  on  existing  Reclamation  dams  with  foundation  drains 
having  these  characteristics  have  been  shown  to  have  a  drain  effectiveness  of  66 
percent  (E  =  0.66).  Any  other  conditions  produce  different  values  of  p. 

Figures  17  and  18  depict  the  background  for  the  drain  factor  p  equal  to  1.0 
and  p  equal  to  0.4,  respectively.  Figure  18  shows  that  the  drain  factor  p  equal  to 
0.4  reflects  the  transformation  of  the  actual  distribution  of  uplift  pressures  to  a 
linear  distribution  (Figure  18b),  with  a  second  transformation  made  to  a 
triangular  uplift  pressure  distribution  (Figure  18c).  Recall  that  the  Figure  18a 
uplift  pressure  distribution  with  a  drain  effectiveness  E  equal  to  0.66  is  based  on 
a  compilation  of  uplift  profiles  from  many  existing  Reclamation  dams.  The 
Figure  18  uplift  pressure  distribution  is  applicable  only  to  dams  that  satisfy 
Reclamation’s  spacing,  sizing,  and  location  of  drains,  given  in  the  previous 
paragraph. 

Figure  19  outlines  the  calculations  made  to  determine  the  value  to  be 
assigned  to  drain  factor  p  in  all  other  cases  (e.g.,  when  tailwater  is  present  and 

is  not  equal  to  zero). 

The  value  assigned  to  drain  factor  p  is  calculated  using  the  transformed  tri¬ 
angular  uplift  pressure  distributions  given  in  Figures  17  through  19.  The  second 
transformation  to  a  triangular  uplift  pressure  distribution  is  an  exact  transforma¬ 
tion  for  the  Figure  17  case  of  no  drains  and  no  tailwater  but  is  an  approximate 
transformation  in  all  other  cases,  such  as  those  represented  by  Figures  18  and  19. 

Sample  calculations  showing  Reclamation  crack  initiation  methodology  are 
provided  in  Appendices  D  and  E. 


3.2.3  Reclamation  guidance  on  crack  propagation 

The  stability  analysis,  as  described  in  Chapter  2,  usually  begins  by  assuming 
full  contact  along  the  base  and  assigning  the  appropriate  distribution  of  uplift 
pressures  (i.e..  Figure  12  or  Figure  13).  Once  cracking  is  indicated  according  to 
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Figure  1 7.  Background  for  the  Reclamation  drain  factor  p  set  equal  to  1 .0 
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Figure  1 8.  Background  for  the  Reclamation  drain  factor  p  set  equal  to  0.4 
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Figure  19.  Calculations  made  for  the  Reclamation  drain  factor  p  with  full  base  contact  and  tailwater 
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the  procedures  outlined  in  section  3.2.2,  the  stability  calculations  are  repeated 
for  the  cracked  section  with  either  the  Figure  14  or  Figure  15  uplift  pressure 
distribution.  In  general,  cracking  along  the  base  of  a  hydraulic  structure 
increases  the  demand  on  the  structure  because  of  the  increased  uplift  pressure 
force  being  applied  along  the  base.  Recall  that  the  Reclamation  procedure  is  to 
apply  full  hydrostatic  pore-water  pressures  within  the  cracked  region  and  to 
assume  that  the  drains  are  ineffective  (E  =  0)  unless  measurements  are  taken. 

The  set  of  calculations  are  repeated  until  there  is  no  additional  change  in 
computed  length  of  crack. 

Once  it  has  been  determined  that  a  crack  will  form  below  the  heel  of  the  dam, 
the  length  of  cracking  along  the  base  is  computed.  These  iterative  calculations 
are  concluded  once  the  equivalent  effective  stress  at  the  crack  tip  is  computed  to 
be  equal  to  zero  (or  equal  to  the  allowable  tensile  strength  for  the  material).  The 
crack  initiation  criteria  of  the  minimum  allowable  compressive  stress  is  not 
used  in  the  calculation  of  crack  length.  Uplift  pressures  are  included  in  the 
gravity  method  of  analysis  to  compute  the  linear  effective  stress  distribution  and 
the  corresponding  effective  normal  force  N  along  the  uncracked  portion  of  the 
base  of  the  dam.  These  calculations  for  a  cracked  base  are  the  same  as  those 
used  by  the  Corps  (summarized  in  Figures  1  and  2).  Sample  calculations 
showing  Reclamation  crack  propagation  methodology  are  provided  in  the  set  of 
calculations  described  in  Appendices  D  and  E. 


3.2.4  FERC  guidance  on  crack  initiation  and  propagation 

FERC  requires  the  assumption  of  zero  tensile  strength  of  the  dam/foundation 
interface.  This  implies  that  whenever  an  analysis  indicates  a  tensile  stress 
normal  to  the  interface,  a  crack  must  be  assumed  to  initiate  and  to  propagate  to 
the  point  where  only  compressive  normal  effective  stresses  remain.  This 
requirement  is  independent  of  the  analysis  procedure  used.  The  zero  tension 
criterion  is  enforced  on  finite  element  analysis  in  the  same  way  that  it  is  on 
conventional  gravity  analysis.  If  fracture  mechanics  is  employed,  this 
requirement  translates  to  a  plane  of  zero  fracture  toughness. 

Horizontal  planes  within  the  body  of  the  dam  are  not  evaluated  for  stability  or 
crack  propagation  unless  cracking  has  actually  been  observed.  If  there  are  actual 
cracks  in  the  body  of  the  dam  that  appear  to  be  throughgoing,  uplift  distributions 
are  assumed  to  be  of  the  same  type  as  those  applied  to  the  dam  foundation 
interface.  Cracks  observed  on  the  downstream  side  of  the  dam  shall  be  assumed 
to  be  throughgoing.  Cracks  that  originate  on  the  upstream  face  but  are  not 
throughgoing  are  assumed  to  be  pressurized  with  full  reservoir  pressure. 

The  zero  tension  criterion  applies  only  to  the  sliding  plane  being  considered. 
Maximum  principal  tensions  in  concrete  in  general  are  limited  to  those  values 
shown  in  Table  3. 
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3.2.5  Crack  initiation/propagation  for  the  Corps  and  Reclamation 

Both  Federal  agencies  define  the  engineering  procedures  to  be  followed  when 
the  calculations  show  a  potential  for  cracking  along  the  base  of  the  dam  in  the 
stability  calculations.  The  following  subsections  summarize  the  similarities  as 
well  as  differences  between  the  two  agencies. 


3.2.5.1  Crack  initiation.  Both  agencies  recognize  in  their  guidance  that  the 
area  with  the  greatest  potential  for  cracking  to  initiate  is  below  the  heel  of  the 
dam.  However,  the  Corps  and  Reclamation  differ  on  the  calculations  made  to 
determine  when  cracking  initiates.  It  is  useful  to  first  review  the  calculations 
made  by  the  agencies  to  determine  crack  initiation. 

The  Corps  establishes  the  potential  for  cracking  along  the  base  by  comparing 
the  minimum  value  of  effective  normal  stress  P^i„  against  the  tensile  capacity  for 
the  region  in  question  (Figure  2).  Cracking  initiates  below  the  heel  of  the  dam  if 
is  tensile  and  exceeds  the  tensile  capacity  of  the  material.  The  tensile 
capacity  along  the  base  of  a  gravity  dam  section  is  often  set  equal  to  zero  in  these 
calculations.  To  calculate  the  distribution  of  effective  stresses  along  the  base, 
the  normal  component  of  the  resultant  force  R  is  converted  to  a  linear 
distribution  of  effective  base  pressure  using  the  equations  given  in  Figure  2. 
Recall  that  uplift  pressures  are  included  in  the  calculation  of  R,  as  depicted  in 
Figure  1. 


Reclamation  establishes  the  potential  for  cracking  along  the  base  by 
comparing  the  induced  total  stress  at  the  heel  using  the  equations  given  in 
Figure  4,  with  o^„.  Recall  that  is  calculated  by: 


^zu  =  - 


(4) 


Recall  that/,  is  the  tensile  strength  of  the  material  and  s  is  the  safety  factor.  The 
term  pwh  represents  the  transformed  uplift  pressure  below  the  heel  of  the  dam, 
as  shown  in  Figures  17  through  19.  Recall  that  the  resultant  uplift  force  and  its 
point  of  application  are  the  same  for  both  the  actual  and  transformed  (triangular) 
uplift  pressure  distributions  in  these  calculations  only  for  the  case  of  no  tailwater 
and  no  drains  (Figure  17).  Cracking  initiates  below  the  heel  of  the  dam  when  the 
compressive  stress  does  not  achieve  the  minimum  compressive  stress 
value. 


Reclamation  crack  initiation  criteria  represent  the  “demand”  below  the  heel 
of  the  dam  by  a  transformed  uplift  pressure.  Figures  18  and  19  show  that  this 
transformed  uplift  pressure  below  the  heel  can  be  less  than  the  actual  uplift 
pressure  when  drains  are  present.  Comparisons  of  crack  initiation  calculations 
made  between  the  Corps  guidance  and  Reclamation  guidance  indicate  the 
following: 
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a.  The  two  procedures  produce  the  same  results  when  all  the  applied  forces 
on  the  dam  section  are  identical. 

b.  The  analytic  methodologies  are  different.  The  Corps  calculates  effective 
base  pressures  and  compares  the  location  of  the  resultant  (effective) 
force.  Reclamation  calculates  the  total  stress  at  the  heel  without  uplift 
and  compares  this  stress  to  an  equivalent  uplift  stress  at  the  heel. 

3.2.5.2  Crack  propagation.  The  length  of  cracking  along  the  base  is  com¬ 
puted  according  to  both  Corps  and  Reclamation  criteria  using  iterative  calcula¬ 
tions  to  determine  the  length  of  crack  resulting  in  an  effective  stress  at  the  crack 
tip  of  zero  (or  equal  to  the  allowable  tensile  strength  for  the  material).  The 
methods  used  by  the  Corps  and  Reclamation  compute  the  same  crack  length 
when  the  uplift  profiles  are  the  same.  However,  differences  may  exist  in  the 
computed  length  of  crack  because  of  differences  in  the  uplift  pressure 
distribution  being  used  in  these  calculations.  For  example,  Reclamation 
guidance  does  not  allow  for  drain  effectiveness  once  a  crack  has  formed  while 
Corps  guidance  allows  for  consideration  of  drain  effectiveness  so  long  as  the 
crack  does  not  extend  to  or  beyond  the  drain. 


3.2.6  Crack  initiation/propagation  for  the  Corps  and  FERC 

FERC  makes  the  same  assumptions  as  does  the  Corps.  The  FERC  method 
will  yield  identical  results  to  the  Corps  method. 
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4  Calculation  of  the  Length 
of  Cracking  Along  the 
Concrete  Gravity  Dam-to- 
Foundation  interface  by 
Conventional  Equilibrium 
Anaiyses  and  the  Corps 
Uplift  Pressure  Distribution 


This  chapter  summarizes  the  calculation  of  the  stability  of  an  example 
concrete  gravity  dam  section  using  the  Corps,  Reclamation,  and  FERC 
engineering  procedures.  The  uplift  water  pressure  distribution  applied  in  all 
three  sets  of  calculations  is  stipulated  as  that  developed  in  accordance  with 
guidance  published  in  EM  1110-2-2200  used  to  design  concrete  gravity  dams. 
Key  aspects  of  this  guidance  are  summarized  in  section  3.1.1  in  Chapter  3  of  this 
report.  The  objective  of  these  calculations  is  to  compare  the  engineering 
methodologies  used  by  the  three  agencies  to  calculate  crack  potential  and  crack 
extent. 


4.1  Example  Concrete  Gravity  Dam  Problem 

Figure  20  shows  the  example  concrete  gravity  dam  section  used  in  the 
stability  calculations  made  according  to  Corps,  Reclamation,  and  FERC  stability 
criteria.  This  example  problem  is  a  concrete  gravity  dam  with  the  following 
dimensions,  unit  weights,  loads,  and  drainage: 

Dam  height  =  100  ft  (30.48  m) 

Base  width  Z  =  75  ft  (22.86  m) 

Crest  width  =  5  ft  (1.52  m) 

Downstream  slope  (runrrise)  =  0.7:1 

Datum  is  the  elevation  of  the  dam  to  rock  foundation  interface 
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Figure  20.  Gravity  dam  example  problem  using  Corps  uplift  criteria  with  full  base  contact  (1  ft  = 
0.305  m,  1  psf  =  47.88  Pa,  1  pcf  =16.018  kg/m^ 
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Reservoir  height  Hj  =  100  ft  (30.48  m) 

Tailwater  height  7/2  =  5  ft  (1.52  m) 

Drain  effectiveness  E  =  0.25 

Distance  between  heel  and  center  line  of  drains  =  10  ft  (3.05  m) 

Drain  height  above  base  =  10  ft  (3.05  m) 

Concrete  density  =  150  pcf  (2,402.77  kg/m^ 

Unit  weight  of  water  =  62.5  pcf  (1,001.15  kg/m^) 

Tensile  capacity  =  0  ksf  (0  kPa) 

Figure  20  also  shows  uplift  pressure  distribution  and  pressure  head  at  the  drain 
H3  (68  ft  (20.73  m))  used  in  the  initial  stability  calculations  assuming  full  base 
contact.  A  value  of  i/3  equal  to  68  ft  (20.73  m)  corresponds  to  a  drain 
effectiveness  of  25  percent  (E  =  0.25).  This  distribution  of  uplift  pressure  is 
calculated  using  the  Corps  relationship  given  in  Figure  8  for  full  base  contact 
and  the  elevation  of  the  floor  of  the  drainage  gallery  above  the  elevation  of 
tailwater  (i/4  >  H2).  The  Corps  concept  of  drain  effectiveness  is  explained  in 
Appendix  A  of  this  report  using  Figure  A.1  (and  with  crack  length  T  set  equal  to 
zero  in  cited  equations). 

All  three  agencies  start  their  stability  calculations  of  gravity  dam  section(s) 
assuming  full  base  area  contact  (i.e.,  uncracked  base).  The  Figure  20  uplift 
pressure  distribution  is  used  in  each  of  the  initial  stability  calculations  cited  in 
this  chapter. 


4.2  Stability  Calculations  Made 
Using  Corps  Criteria 

This  section  summarizes  the  stability  calculations  made  of  the  Figure  20 
gravity  dam  section  using  the  Corps  engineering  procedure.  This  engineering 
procedure,  given  in  EM  1110-2-2200,  is  outlined  in  section  2.1  in  Chapter  2  of 
this  report.  Figure  21  summarizes  the  results  of  the  initial  stability  calculation 
for  the  gravity  dam  section  assuming  full  base  area  contact.  Appendix  C  gives 
the  complete  series  of  calculations.  The  results  given  in  Figure  21  indicate  that  a 
crack  will  develop  at  the  heel  of  the  interface  because  the  resultant  force  of  the 
effective  normal  pressure  distribution  N  acts  at  a  point  located  outside  the  middle 
third  of  the  dam  base.  Recall  that  in  the  Corps  procedure,  the  uplift  pressure 
force  U  is  included  in  the  equilibrium  equations  used  to  calculate  N  and  its  point 
of  action  (designated  e^,  and  measured  from  the  center  line  of  the  base  of  the 
dam). 

Once  cracking  is  indicated,  the  stability  calculations  are  repeated  using  the 
Corps'  Figure  10  cracked-section  uplift  pressure  distribution.  Details  regarding 
these  calculations  are  given  in  Appendix  C.  The  calculations  show  that  cracking 
along  the  base  of  the  dam  increases  the  demand  on  the  structure  compared  with 
results  from  the  previous  set  of  calculations  (Figure  21)  because  of  the  increased 
uplift  pressure  force  being  applied  along  the  base.  This  increased  load  is  attrib¬ 
uted  to  Corps  criteria  requiring  the  application  of  full  hydrostatic  pore-water 
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Figure  21a.  Initial  stability  calculation  of  a  gravity  dam  section  with  full  base  area  contact  and  following 
Corps  criteria  (1  ft  =  0.305  m,  1  kip  =  4.448  kN,  1  kip-ft  =  1 .356  kN-m)  (Continued) 
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pressures  within  the  cracked  portion  of  the  base  and  the  additional  uplift 
pressures  being  applied  along  the  uncracked  portion  of  the  base.  The  series  of 
equilibrium  calculations  are  repeated  until  there  is  no  additional  change  in 
computed  length  of  crack  and  all  forces  and  corresponding  moments  acting  on 
the  imaginary  dam  section  are  in  equilibrium.  Figure  22  shows  the  resulting 
distribution  of  effective  base  pressure  (assumed  linear)  for  the  final  stability 
computation.  The  crack  length  T  is  computed  to  be  8.23  ft  (2.51  m)  using  the 
Corps  engineering  procedure. 

Once  cracking  is  indicated,  an  increased  load  is  to  be  applied  along  the  base 
of  the  imaginary  gravity  dam  section  according  to  Corps  uplift  criteria,  even  in 
the  case  of  constant  drain  effectiveness.  This  may  be  observed  by  comparing  the 
Figure  10  and  Figure  8  uplift  distributions.  In  the  case  of  this  example  problem, 
the  resultant  uplift  pressure  force  U  increased  by  12  percent,  from  200.78  kips 
per  ft  run  of  dam  (2,930.16  kN  per  m  run)  to  224.91  kips  per  ft  run  of  dam 
(3,283.55  kN  per  m  run),  with  the  introduction  of  a  crack  of  length  equal  to 
8.23  ft  (2.51  m).  Note  that  the  drain  effectiveness  is  maintained  at  25  percent 
(E  =  0.25)  in  these  calculations  since  the  crack  tip  terminated  prior  to  the  line  of 
drains.  Additionally,  the  value  assigned  toifj  at  the  line  of  drains  increased 
from  68  ft  (20.73  m)  to  75.61  ft  (23.04  m)  with  the  introduction  of  a  crack  of 
length  T  equal  to  8.23  ft  (2.51  m). 

The  computed  value  for  crack  length  T  is  dependent  upon  two  key  assump¬ 
tions:  (a)  the  shape  of  the  effective  base  pressure  distribution  (which  is  assumed 
linear),  and  (b)  the  change  in  the  distribution  of  uplift  pressure  once  cracking  is 
judged  to  have  occurred. 

One  method  of  characterizing  crack  initiation  is  to  establish  the  pool 
elevation  at  which  a  crack  develops  below  the  heel  of  the  dam.  This  series  of 
equilibrium  calculations  is  made  following  Corps  procedure  and  given  in  the  last 
section  of  Appendix  C.  These  calculations  are  made  using  the  Figure  8  uplift 
pressure  distribution  with  drain  effectiveness  .E  =  0.25  and  demonstrate  that 
crack  initiation  occurs  when  the  reservoir  reaches  98.97  ft  (30.16  m).  A  linear 
effective  base  pressure  distribution  is  also  assumed  in  these  equilibrium 
calculations. 


4.3  Stability  Calculations  Made 
Using  Reclamation  Criteria 

The  stability  calculations  made  of  the  Figure  20  concrete  gravity  dam  section 
and  summarized  in  this  section  follow  the  Reclamation  engineering  procedure 
and  the  Corps  uplift  pressure  distribution.  The  Corps  uplift  profile  is  used  so  all 
the  forces  on  the  example  dam  body  are  identical.  Using  identical  forces  will 
demonstrate  the  similarities  and  differences  between  the  analysis  procedures. 
This  procedure  is  outlined  in  section  2.2  of  Chapter  2  of  this  report.  Figure  23 
gives  the  results  of  the  initial  stability  calculation  for  the  gravity  dam  section 
assuming  full  base  area  contact.  Refer  to  Appendix  D  for  the  complete  series  of 
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Figure  22.  Final  stability  calculation  of  a  gravity  dam  with  crack  length  7  =  8.23  ft  following  Corps 
procedures  (1  ft  =  0.305  m,  1  ksf  =  47.88  kPa,  1  kip  =  4.448  kN) 
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Figure  23a.  Initial  stability  calculation  of  a  gravity  dam  with  full  base  area  contact  following  Reclamation 
procedures  (1  ft  =  0.305  m,  1  kip  =  4.448  kN,  1  kip-ft  =  1 .356  kN-m,  1  psi  =  6.894  kPa, 

1  pcf  =  16.018  kg/m®  1  psf  =  47.88  Pa)  (Sheet  1  of  4) 
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Figure  23b.  (Sheet  2  of  4) 
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Figure  23d.  (Sheet  4  of  4) 
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calculations.  The  results  given  in  Figure  23  indicate  that  a  crack  will  develop  at 
the  heel  of  the  interface  because  the  magnitude  of  the  total  stress  below  the  heel 
a^otai  heel  l^ss  than  the  minimum  allowable  compressive  stress  o^.  Recall  that  in 
these  calculations,  the  uplift  pressure  force  U  is  included  in  the  calculation  of  the 
minimum  allowable  compressive  stress  and  not  in  the  calculation  of  ^  total Jieel' 
Figure  24  shows  the  use  of  the  Figure  8  Corps  uplift  criteria  in  this  set  of 
calculations  to  determine  the  value  for  o^  with  the  tensile  capacity/, 

equal  to  zero).  The  Reclamation  drain  factor p  is  computed  equal  to  0.83  for  the 
case  of  full  contact,  drain  effectiveness  £  equal  to  0.25,  and  tailwater  equal  to 
5  ft  (1.52  m).  A  composite  of  the  resulting  stress  distributions  is  given  in 
Figure  25  in  this  case  in  which  full  base  contact  is  assumed. 

Once  cracking  is  indicated,  the  stability  calculations  are  repeated  for  the 
cracked  section  with  the  Corps  Figure  10  uplift  pressure  distribution.  The  Corps 
uplift  profile  is  used  so  all  the  forces  on  the  example  dam  body  are  identical. 
Using  identical  forces  will  demonstrate  the  similarities  and  differences  between 
the  analysis  procedures.  The  nature  of  these  calculations  made  for  a  cracked 
base  changes  from  those  used  to  determine  crack  initiation.  These  calculations 
become  essentially  an  effective  stress-based  procedure  like  that  used  by  the 
Corps.  Crack  propagation  is  determined  by  comparing  the  minimum  effective 
base  pressures  against  the  tensile  strength  for  the  material.  The  tensile  strength 
is  set  equal  to  zero  along  the  interface  in  this  problem.  The  resultant  uplift 
pressure  force  U  is  included  in  the  equilibrium  calculations  to  obtain  the 
effective  base  pressure  force  N.  The  forces  acting  on  the  dam  section  being 
analyzed  are  the  same  as  those  used  in  the  Corps  engineering  procedure  shown  in 
Figure  22.  Reclamation  assumes  a  linear  effective  base  pressure  distribution  in 
these  equilibrium  calculations  to  determine  crack  length  T.  Detailed  calculations 
are  given  in  Appendix  D.  A  composite  of  the  resulting  stress  distributions  is 
given  in  Figure  26.  This  series  of  equilibrium  calculations  results  in  a  computed 
crack  length  T  equal  to  8.23  ft  (2.51  m),  a  result  consistent  with  the  calculations 
made  following  Corps  procedures. 

Figure  26  shows  that  the  Figure  10  based,  cracked-base  uplift  profile,  desig¬ 
nated  “Uplift  profile”  in  this  figure,  is  transformed  to  a  “Linear  uplift  profile”  in 
the  Reclamation  procedure.  However,  this  transformation  does  not  introduce  a 
discrepancy  in  results  (i.e.,  effective  base  pressure  and  corresponding  resultant 
effective  normal  force)  compared  with  that  computed  using  the  Corps  procedure 
because  (a)  the  equations  of  force  and  moment  equilibrium  are  used  prior  to 
assigning  a  corresponding  linear  base  pressure  distribution  to  the  resultant 
normal  force  in  the  cracked  base  stability  analysis,  and  (b)  the  “Linear  uplift 
profile”  distribution  maintains  the  same  magnitude  resultant  uplift  force  and 
point  of  action  along  the  base  as  the  original  “Uplift  profile.”  This  compatibility 
of  results  between  the  two  engineering  procedures  is  true  only  for  the  cracked 
base  analysis  with  a  common  “original”  uplift  pressure  distribution. 

A  second  series  of  equilibrium  calculations  made  following  the  Reclamation 
engineering  procedure  and  Corps  uplift  distribution  established  that  crack  initia¬ 
tion  occurs  when  the  reservoir  reaches  98.97  ft  (30.16  m.  Appendix  D).  These 
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Figure  24.  Calculations  made  for  the  Reclamation  drain  factor  p  with  full  base  contact,  E  =  0.25  and 

tailwater  at  5  ft  (1  ft  =  0.305  m,  1  kip  =  4.448  kN,  1  kip-ft  =  1 .356  kN-m,  1  pcf  =1 6.01 8  kg/m  ® 
1  psf  =  47.88  Pa,  1  psi  =  6.894  kPa) 
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Figure  25.  Minimum  allowable  compressive  stress  o^^  according  to  Reclamation  criteria  and  assuming 
full  base  contact  (1  psi  =  6.894  kPa) 
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Figure  26.  Crack  length  T  =  8.23  ft  according  to  Reclamation  criteria  (1  ft  =  0.305  m,  1  psi  =  6.894  kPa) 
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calculations  show  the  engineering  procedures  to  determine  crack  initiation.  Fig¬ 
ure  27  summarizes  the  resulting  stress  distributions  along  the  base  of  the  dam  for 
a  reservoir  elevation  equal  to  98.97  ft  (30.16  m).  Note  that  the  value  for  total 
stress  below  the  heel  is  equal  in  magnitude  and  opposite  in  sign  to  the 

minimum  allowable  compressive  stress  o^.  These  calculations  are  made  using 
the  Corps  Figure  8  uplift  pressure  distribution  with  drain  effectiveness  E  equal  to 
0.25.  This  reservoir  elevation  is  consistent  with  calculations  made  following  the 
Corps  engineering  procedure.  A  linear  total  base  pressure  distribution  is 
assumed  in  these  equilibrium  calculations. 


4.4  Stability  Calculations  Made 
Using  FERC  Criteria 

Stability  calculations  made  of  the  Figure  20  concrete  gravity  dam  section 
using  the  FERC  engineering  procedures  were  conducted  using  the  FERC  uplift 
distributions  but  with  a  unit  weight  of  water  set  equal  to  the  FERC  standard 
value  of  62.4  pcf  (999.5  kg/m^)  (Appendix  F).  The  predicted  crack  length  is 
7.64  ft  (2.33  m).  A  second  series  of  calculations  (not  shown)  were  made  using 
the  Corps  uplift  distribution  (Figure  10)  using  a  unit  weight  of  water  equal  to 
62.5  pcf  (1,001.13  kg/m^).  The  final  predicted  crack  length  for  this  second  series 
of  calculations  (not  shown)  is  8.23  ft  (2.51  m)  and  agrees  with  the  crack  length 
predicted  using  the  Corps  and  Reclamation  procedures. 

Note  that  the  difference  in  computed  crack  length  for  the  two  sets  of  FERC 
computations  is  attributed  to  the  fact  that  the  FERC  engineering  procedure  uses  a 
unit  weight  of  water  that  is  slightly  less  than  the  value  of  62.5  pcf 
(1,001.13  kg/m^)  that  is  commonly  used  by  the  Corps.  The  uplift  distributions 
assumed  by  FERC  are  identical  to  those  assumed  by  the  Corps  with  the 
exception  of  the  case  where  cracking  extends  beyond  the  drains  and  the  drains 
remain  effective. 


4.5  Conclusions 

The  calculations  summarized  in  this  chapter  demonstrate  that  given  the  same 
uplift  distribution,  the  Corps,  Reclamation,  and  FERC  engineering 
methodologies  to  calculate  crack  extent  are  the  same.  This  is  because  in  all  three 
engineering  procedures,  force  and  moment  equilibrium  are  enforced,  and  the 
same  assumption  is  made  with  respect  to  the  effective  stress  distribution  along 
the  base;  namely,  that  it  is  linear.  Additionally,  because  the  calculated  pool 
elevation  at  which  a  crack  develops  below  the  heel  of  the  dam  is  the  same  for  the 
three  engineering  procedures  when  the  same  uplift  distribution  is  used  in  the 
calculations,  it  is  reasoned  that  crack  potential  is  consistent  for  the  three 
engineering  procedures. 
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Figure  27.  Reservoir  elevation  =  98.97  ft  resulting  in  o,o,ai_Heei  equal  to  using  Reclamation  cirtieria 
(1  ft  =  0.305  m,  1  psi  =  6.894  kPa) 
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5  Calculation  of  the  Length 
of  Cracking  Along  the 
Concrete  Gravity  Dam-to- 
Foundation  Interface  by 
Conventional  Equilibrium 
Analyses  and  Using  Uplift 
Pressure  Distributions 
According  to  the  Guidance 
Employed  by  the  Corps, 
Reclamation,  and  FERC 


This  chapter  summarizes  the  calculation  of  the  stability  of  an  example 
concrete  gravity  dam  section  using  the  Corps,  Reclamation,  and  FERC 
engineering  procedures.  The  uplift  water  pressure  distributions  used  in  the 
analyses  are  assigned  as  stipulated  in  the  engineering  documents  published  by 
each  of  the  three  agencies.  A  drain  effectiveness  E  equal  to  0.25  is  assigned  in 
both  of  the  initial  stability  computations,  which  assume  full  base  contact.  The 
objective  of  these  calculations  is  to  demonstrate  the  impact  of  the  uplift 
distributions  on  the  stability  calculations,  expressed  in  terms  of  crack  potential 
and  crack  extent. 


5.1  Example  Concrete  Gravity  Dam  Problem 

The  100-ft-  (30.48-m-)  high  concrete  gravity  dam  section  used  in  the 
Chapter  4  stability  computations  is  used  in  this  series  of  calculations  to 
demonstrate  the  impact  of  the  uplift  distributions  on  the  results  of  the  stability 
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computations.  Figure  20  shows  the  gravity  dam  section  being  analyzed.  The 
dimensions,  unit  weights,  loads,  and  drainage  are  summarized  in  section  4.1  of 
Chapter  4  of  this  report. 


5.2  Stability  Calculations  Made  Using  the  Corps 
Engineering  Procedure  and  Uplift  Pressure 
Distributions 

The  stability  calculations  made  of  the  Figure  20  concrete  gravity  dam  section 
using  the  Corps  engineering  procedure  was  outlined  in  section  4.2  of  Chapter  4 
of  this  report  with  detailed  calculations  given  in  Appendix  C.  In  summary,  the 
results  of  the  initial  stability  calculation  given  in  Figure  21  indicate  that  a  crack 
will  develop  at  the  heel  of  the  interface  because  the  resultant  force  of  the 
effective  normal  pressure  distribution  N  acts  at  a  point  located  outside  the  middle 
third  of  the  dam  base.  Figure  20  summarizes  the  uplift  pressure  distribution  used 
in  this  initial  stability  computation  assuming  full  base  contact.  This  distribution 
of  uplift  pressure  is  calculated  using  the  Corps  relationship  given  in  Figure  8  for 
an  uncracked  base  section. 

Once  cracking  is  indicated,  the  stability  calculations  are  repeated  using  the 
Corps  Figure  10  cracked-section  uplift  pressure  distribution.  The  Appendix  C 
calculations  show  that  cracking  along  the  base  of  the  dam  increases  the  demand 
on  the  structure  compared  with  the  previous  set  of  calculations  (assuming  full 
base  contact)  because  of  the  increased  uplift  pressure  force  being  applied  along 
the  base.  Figure  22  shows  the  resulting  distribution  of  effective  base  pressure 
(assumed  linear)  for  the  final  stability  computation.  The  crack  length  T  is  com¬ 
puted  to  be  8.23  ft  (2.51  m)  using  the  Corps  engineering  procedure. 

A  second  series  of  calculations  made  in  Appendix  C  using  the  Figure  8  uplift 
pressure  distribution  with  drain  effectiveness  E  =  0.25  demonstrate  that  crack 
initiation  occurs  when  the  reservoir  reaches  98.97  ft  (30.16  m). 


5.3  Stability  Calculations  Made  Using  the 
Reclamation  Engineering  Procedure  and 
Uplift  Pressure  Distributions 

The  stability  calculations  made  of  the  100-ft-  (30.48-m-)  high  concrete 
gravity  dam  section  and  summarized  in  this  section  follow  the  Reclamation 
engineering  procedure  and  Reclamation  uplift  criteria.  These  calculations  show 
the  differences  in  uplift  pressure  distributions  and  the  effect  on  crack  initiation 
and  crack  length  between  the  Corps  and  Reclamation.  This  procedure  is 
summarized  in  section  2.2  of  Chapter  2  of  this  report.  Reclamation  procedures 
for  calculating  uplift  pressure  distributions  are  summarized  in  section  3.1.2  of 
Chapter  3  of  this  report. 
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Figure  28  shows  uplift  pressure  distribution  and  pressure  head  at  the  drain  H3 
(77.5  ft  (23.62  m))  used  in  the  initial  stability  calculations  assuming  full  base 
contact.  A  value  ofH^  equal  to  77.5  ft  (23.62  m)  corresponds  to  a  drain  effec¬ 
tiveness  of  25  percent  (E  =  0.25).  This  distribution  of  uplift  pressure  is 
calculated  using  the  Reclamation  relationship  given  in  Figure  13  for  the  case  of 
full  base  contact  and  the  elevation  of  the  floor  of  the  drainage  gallery  above  the 
elevation  of  tailwater  (H^  >  Note  that  application  of  the  corresponding 
Corps  uplift  distribution  given  in  Figure  8  with  E  =  0.25  resulted  in  less  uplift 
pressure  applied  along  the  base  and  a  smaller  value  of  equal  to  68  ft 
(20.73  m)  (Figure  20). 

Figure  29  gives  the  results  of  the  initial  stability  calculation  for  the  concrete 
gravity  dam  section  assuming  full  base  area  contact.  Refer  to  Appendix  E  for  the 
complete  series  of  calculations.  The  results  given  in  Figure  29  indicate  that  a 
crack  will  develop  at  the  heel  of  the  interface  because  the  magnitude  of  the  total 
stress  below  the  heel  is  less  than  the  minimum  allowable  compressive 

stress  o^„.  Recall  that  in  these  calculations,  the  uplift  pressure  force  U  is 
included  in  the  calculation  of  the  minimum  allowable  compressive  stress  and 
not  in  the  calculation  of  Figure  30  shows  the  use  of  the  Figure  13 

Reclamation  uplift  criteria  in  this  set  of  calculations  to  determine  the  value  for 
Oz«  ('‘^Eqv  upiiftjieei  witii  t^e  teusile  capacity  f,  equal  to  zero).  The  Reclamation  drain 
factor  p  is  computed  equal  to  0.91  for  the  case  of  full  contact,  drain  effectiveness 
E  equal  to  0.25,  and  tailwater  equal  to  5  ft  (1.52  m).  (Recall  that  in  Figure  24  the 
Reclamation  drain  factor  p  was  computed  to  be  0.83  when  the  corresponding 
Corps  uplift  distribution  for  full  base  contact  was  applied.)  A  composite  of  the 
resulting  stress  distributions  is  given  in  Figure  31  in  this  case  in  which  full  base 
contact  is  assumed. 

Once  cracking  is  indicated,  the  stability  calculations  are  repeated  for  the 
cracked  section.  Two  key  changes  are  made  in  the  calculations.  First,  Reclama¬ 
tion  criteria  apply  full  hydrostatic  pore-water  pressures  within  the  cracked  region 
and  assume  the  drains  are  ineffective  with  E  =  Q  (section  3.2.3  of  Chapter  3  in 
this  report).  Second,  the  nature  of  these  calculations  made  for  a  cracked  base 
changes  from  those  used  to  determine  crack  initiation.  These  calculations 
become  essentially  an  effective  stress-based  procedure  like  that  used  by  the 
Corps.  Crack  propagation  is  determined  by  comparing  the  minimum  effective 
base  pressures  against  the  tensile  strength  for  the  material.  The  tensile  strength 
is  set  equal  to  zero  along  the  interface  in  this  problem.  The  resultant  uplift 
pressure  force  U  is  included  in  the  equilibrium  calculations  for  the  effective  base 
pressure  force  N.  Reclamation  assumes  a  linear  effective  base  pressure 
distribution  in  these  equilibrium  calculations  to  determine  crack  length  T. 
Detailed  calculations  are  given  in  Appendix  E.  A  composite  of  the  resulting 
stress  distributions  is  given  in  Figure  32.  This  series  of  equilibrium  calculations 
results  in  a  computed  crack  length  T  equal  to  30.735  ft  (9.37  m).  Fifty-nine 
percent  of  the  base  of  the  gravity  dam  section  remains  in  compression. 
Equilibrium  calculations  made  following  the  Corps  procedure  and  using  the 
Corps  Figure  10  cracked-base  uplift  pressure  distribution  resulted  in  T  =  8.23  ft 
(2.51  m)  (section  5.2).  Two  factors  contributed  to  the  difference  between  the 
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Figure  28.  Gravity  dam  example  problem  using  Reclamation  uplift  criteria  with  full  base  contact  (1  ft  = 
0.305  m,  1  psf  =  47.88  Pa,  1  pcf  =16.018  kg/m^ 
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Figure  29a.  Initial  stability  calculation  of  a  gravity  dam  with  full  base  area  contact  following  Reclamation 
procedures  (1  ft  =  0.305  m,  1  kip  =  4.448  kN,  1  kip-ft  =  1.356  kN-m,  1  psi  =  6.894  kPa, 

1  pcf  =  16.018  kg/m®,  1  psf  =  47.88  Pa)  (Sheet  1  of  4) 
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Figure  29b.  (Sheet  2  of  4) 
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MINIMUM  ALLOWABLE  COMPRESSIVE  STRESS 
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Drain  Effectiveness  E  =  0.25,  Tallwater 
Drain  location  =  10  ft  from  heel,  L  —  75ft 


Moment 

about 

Mu  =  FyOy 


=  5,717  psf 
(39.70  psi) 


b) 


Linear  Uplift  Profile 


=  12.5  ft 


a  =0 

Eqv_Upnft_toe 


Calculation  made  for  the  Reclamation  drain  factor  p  with  full  base  contact,  E  -  0.25,  and  ^ 
tallwater  at  5  ft  (1  ft  =  0.305  m,  1  kip  =  4.448  kN,  1  kip-ft  =  1.356  kN-m,  1  pcf  =16.018  kg/m  , 
1  psf  =  47.88  Pa,  1  psi  =  6.894  kPa) 
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Figure  31 . 


Minimum  allowable  compressive  stress  according  to  Reclamation  criteria  and  assuming 
full  base  contact  (1  psi  =  6.894  kPa) 
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Figure  32.  Crack  length  T  =  30.735  ft  according  to  Reclamation  criteria  (1  ft  =  0.305  m,  1  psi  = 
6.894  kPa) 
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two  computed  values  for  crack  length  T:  (a)  for  a  given  value  for  drain 
effectiveness  the  Corps  uplift  distribution  is  less  severe  than  the  Reclamation 
uplift  distribution  for  this  problem,  and  (b)  the  calculations  following  the  Corps 
procedure  allowed  for  consideration  of  drain  effectiveness  (E  =  0.25)  in  the 
cracked  base  analysis  (so  long  as  T  is  less  than  the  distance  from  the  upstream 
face  to  the  center  line  of  drains)  while  E  is  set  equal  to  zero  in  the  Reclamation 
cracked-base  analysis. 

A  second  series  of  equilibrium  calculations  made  following  the  Reclamation 
engineering  procedure  and  using  the  Reclamation  uplift  pressure  distribution 
(Figure  13)  established  that  crack  initiation  occurs  when  the  reservoir  reaches 
97.62  ft  (29.75  m)  (Appendix  E).  Figure  33  summarizes  the  resulting  stress 
distributions  along  the  base  of  the  dam  for  a  reservoir  elevation  equal  to  97.62  ft 
(29.75  m).  Note  that  the  value  for  total  stress  below  the  heel  o ^otaijicei^^  ^qual  (in 
magnitude  and  opposite  in  sign)  to  the  minimum  allowable  compressive  stress 
These  calculations  are  made  using  the  Reclamation  Figure  13  uplift  pressure 
distribution  with  drain  effectiveness  E  equal  to  0.25.  Crack  initiation  is  at  a 
1.3-ft-  (0.40~m-)  lower  reservoir  elevation  using  the  Figure  13  Reclamation  uplift 
pressure  distribution  compared  with  the  elevation  computed  using  the  Corps 
Figure  8  uplift  pressure  distribution. 


5.4  stability  Calculations  Made  Using  FERC 
Engineering  Procedure  and  Uplift 
Distributions 

Stability  calculations  made  of  the  Figure  20  concrete  gravity  dam  section 
using  the  FERC  engineering  procedures  were  conducted  using  the  FERC  uplift 
distributions  but  with  a  unit  weight  of  water  set  equal  to  the  FERC  standard 
value  of  62.4  pcf  (999.5  kg/m^)  (Appendix  F).  The  predicted  crack  length  is 
7.64  ft  (2.33  m),  which  is  slightly  less  than  the  8.23  ft  (2.51  m)  calculated  using 
a  unit  weight  of  water  equal  to  62.5  pcf  (1,001.13  kg/m^)  (calculations  not 
shown).  This  difference  in  computed  crack  length  is  attributed  to  the  fact  that 
the  FERC  engineering  procedure  uses  a  unit  weight  of  water  that  is  slightly  less 
than  the  value  of  62.5  pcf  (1,001.13  kg/m^)  that  is  commonly  used  by  the  Corps. 
The  uplift  distributions  assumed  by  FERC  are  identical  to  those  assumed  by  the 
Corps  with  the  exception  of  the  case  where  cracking  extends  beyond  the  drains 
and  the  drains  remain  effective. 


5.5  Conclusions 

The  calculations  summarized  in  this  chapter  demonstrate  that  the  Corps  and 
Reclamation  uplift  distributions  differ.  For  the  gravity  dam  section  analyzed  in 
this  chapter  and  given  the  same  value  for  drain  effectiveness  E  (0.25),  the  Recla¬ 
mation  uplift  distribution  is  more  severe  on  the  crack  extent  calculation.  Addi¬ 
tionally,  because  the  calculated  pool  elevation  at  which  a  crack  develops  below 
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Figure  33.  Reservoir  elevation  H,  =  97.62  ft  resulting  in  equal  to  using  Reclamation  criteria 

(1  ft  =  0.305  m,  1  psi  =  6.894  kPa) 
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the  heel  of  the  dam  is  slightly  lower  (by  1.3  ft  (0.40  m))  when  using  the 
Reclamation  uplift  distribution,  it  is  reasoned  that  crack  potential  is  slightly  more 
severe  when  using  the  Reclamation  uplift  pressure  distribution.  Recall  that 
calculations  discussed  in  Chapter  4  show  that  any  difference  in  crack  potential 
cannot  be  attributed  to  differences  in  the  Corps  and  Reclamation  engineering 
procedures. 

The  uplift  distributions  assumed  by  FERC  are  identical  to  those  assumed  by 
the  Corps  with  the  exception  of  the  case  where  cracking  extends  beyond  the 
drains  and  the  drains  remain  effective.  Because  the  same  uplift  assumptions  are 
used,  the  FERC  and  Corps  analyses  will  yield  identical  results  when  the  same 
value  of  unit  weight  of  water  is  assigned  to  both  analyses.  However,  the 
calculations  summarized  in  this  chapter  demonstrate  that  the  Corps  and  the 
FERC  engineering  procedures  differ  by  the  unit  weight  of  water  assigned  to  the 
computations.  The  unit  weight  of  water  of  62.4  pcf  (999.5  kg/m^)  used  in  FERC 
engineering  procedures  is  slightly  less  than  the  value  of  62.5  pcf 
(1,001.13  kg/m^)  that  is  commonly  used  by  the  Corps.  Consequently,  the  FERC 
calculations  resulted  in  a  0.59-ft  (0.18-m)  shorter  length  of  crack  than 
computations  made  following  the  Corps  procedure.  Thus,  it  is  reasoned  that 
crack  potential  is  slightly  less  severe  when  using  the  FERC  procedure. 
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6  Summary  and  Conclusions 


This  report  summarizes  the  results  of  au  investigation  of  key  aspects  of  guid¬ 
ance  published  by  the  Corps,  Reclamation,  and  FERC  used  to  calculate  the 
stability  of  a  concrete  gravity  dam  section.  An  important  issue  regarding  the 
engineering  procedures  as  practiced  by  all  three  agencies  when  performing 
stability  calculations  is  how  uplift  water  pressures  are  to  be  computed  and 
applied  in  the  calculations.  The  objective  of  this  report  is  to  identify  similarities, 
as  well  as  differences,  in  the  calculation  of  uplift  as  well  as  crack  initiation  and 
crack  propagation  in  the  stability  of  concrete  gravity  dams. 


6.1  Stability  Criteria  for  the  Corps 
and  Reclamation 

The  Stability  criteria  and  the  engineering  procedures  used  to  calculate  the  sta¬ 
bility  of  concrete  gravity  dams  according  to  guidance  published  by  the  Corps  and 
Reclamation  are  summarized  in  Chapter  2  of  this  report.  The  guidance  for  the 
design  of  gravity  dams  is  given  in  terms  of  the  conventional  equilibrium  method 
of  analysis. 


6.1.1  Similarities 

Both  Federal  agencies  share  the  following  basic  stability  requirements  for  a 
gravity  dam  for  all  conditions  of  loading: 

a.  That  it  be  safe  against  overturning  at  any  horizontal  plane  within  the 
structure,  at  the  base,  or  at  a  plane  below  the  base. 

b.  That  it  be  safe  against  sliding  on  any  horizontal  plane  within  the 
structure,  at  the  base,  or  at  a  plane  below  the  base. 

c.  That  the  allowable  unit  stresses  in  the  concrete  or  in  the  foundation 
material  shall  not  be  exceeded. 
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The  stability  of  concrete  gravity  dams  is  evaluated  for  more  frequent,  usual 
loadings,  and  less  frequent,  unusual  and  extreme  loadings.  The  stability  criteria 
against  sliding  and  overstressing  of  material  regions  within  either  the  gravity 
dam  or  its  foundation  are  expressed  in  terms  of  either  minimum  values  for  the 
factors  of  safety  or  maximum  allowable  stresses.  Although  not  exactly  the  same, 
these  limiting  parameter  values  are  generally  consistent  for  the  Corps  and 
Reclamation. 

Both  agencies  describe  their  stability  criteria  for  concrete  gravity  dam 
sections  using  conventional  equilibrium  analyses  and  limit  state  theory.  Both 
agencies  evaluate  the  level  of  stability  of  a  concrete  gravity  dam  using 
computations  for  cracking  potential  and  sliding  stability.  The  Corps  uses  the 
location  of  the  force  resultant  at  the  base  of  the  dam,  and  Reclamation  uses 
stresses  computed  at  the  upstream  face  of  the  concrete  gravity  dam  to  judge  the 
safety  of  the  gravity  dam.  Neither  agency  specifically  expresses  stability  against 
overturning  of  the  concrete  gravity  dam  section  in  terms  of  a  factor  of  safety 
against  overturning  about  its  downstream  face. 

Both  agencies  compute  the  same  crack  initiation  and  the  same  crack  propaga¬ 
tion  length  when  identical  uplift  profiles  are  used.  The  procedural  calculations 
are  different  because  the  Corps  calculates  the  location  of  the  force  resultants 
while  Reclamation  calculates  stresses.  The  results  are  identical  when  identical 
forces  are  used.  A  key  reason  for  calculating  the  same  crack  propagation  length 
is  the  Corps’  assumption  of  a  linear  effective  base  pressure  distribution  and 
Reclamation’s  assumption  of  a  linear  total  base  pressure  distribution. 


6.1.2  Differences 

The  engineering  procedures  used  by  the  Corps  and  Reclamation  to  compute 
stability  differ  in  two  key  aspects.  First,  the  Corps  expresses  stability  by  the 
resultant  location  along  the  base  of  the  idealized  dam  section,  while  Reclamation 
expresses  stability  in  terms  of  cracking  potential  (evaluated  at  any  critical 
point(s),  e.g.,  below  the  heel  of  the  dam).  Second,  the  agencies’  guidance  for 
incorporating  the  effects  of  uplift  pressures  in  the  stability  analysis  are  different. 
The  Corps  includes  uplift  pressures  in  the  free  body  section  of  the  gravity  dam 
when  computing  the  vertical  component  of  the  resultant  force  and  its  point  of 
action  (Figure  1)  and  effective  base  pressure  distribution  (Figure  2). 

Reclamation  incorporates  the  effects  of  uplift  pressures  in  the  last  stage  of  the 
evaluation  of  the  cracking  potential  below  the  heel  of  the  gravity  dam  section 
using  the  minimum  allowable  compressive  stress  criteria  o^^  However,  the 
results  are  identical  when  all  the  forces  are  identical. 


Chapter  6  Summciry  and  Conclusions 


81 


6.1.3  Calculation  of  the  length  of  cracking  along  the  base  of  a 
100-ft-  (30.5-ni-)  high  gravity  dam  section  using  the 
conventional  equilibrium  analyses  and  using  the  Corps  uplift 
pressure  distribution 

Chapter  4  in  this  report  summarizes  the  calculation  of  the  stability  of  an 
example  gravity  dam  section  using  the  Corps  and  Reclamation  engineering 
procedures.  The  uplift  water  pressure  distribution  applied  in  both  sets  of 
calculations  is  stipulated  as  that  developed  in  accordance  with  guidance 
published  in  EM  1110-2-2200  used  to  design  gravity  dams.  These  calculations 
demonstrate  that  given  the  same  uplift  distribution,  the  Corps  and  Reclamation 
engineering  methodologies  to  calculate  crack  extent  are  the  same.  Additionally, 
because  the  calculated  pool  elevation  at  which  a  crack  develops  below  the  heel 
of  the  dam  is  the  same  for  the  two  engineering  procedures  when  the  same  uplift 
distribution  is  used  in  the  calculations,  it  is  reasoned  that  crack  potential  is 
consistent  for  the  two  engineering  procedures. 


6.2  Uplift  Pressure  Criteria  for  the  Corps 
and  Reclamation 

The  calculation  of  uplift  pressures  according  to  guidance  published  by  the 
Corps  and  Reclamation  is  summarized  in  Chapter  3  of  this  report.  Only  that 
portion  of  guidance  relating  to  an  imaginary  section  made  through  the  base  of  the 
dam  is  described. 

Uplift  pressure  resulting  from  headwater  and  tailwater  exists  through  cross 
sections  within  the  dam,  at  the  interface  between  the  dam  and  the  foundation, 
and  within  the  foundation  below  the  base.  This  pressure  is  present  within  the 
cracks,  pores,  joints,  and  seams  in  the  concrete  and  foundation  material.  Uplift 
pressure  is  an  active  force  that  must  be  included  in  the  stability  and  stress 
analysis  to  ensure  structural  adequacy.  These  pressures  vary  with  time  and  are 
related  to  boundary  conditions  and  the  permeability  of  the  material.  Uplift 
pressures  are  assumed  by  both  Federal  agencies  to  be  unchanged  by  earthquake 
loads. 


6.2.1  Uplift  criteria  for  the  Corps  and  Reclamation 

Both  Federal  agencies  include  uplift  in  their  stability  calculations.  The 
following  subsections  summarize  the  similarities  as  well  as  differences  among 
the  uplift  criteria. 

One  of  the  key  differences  between  the  two  agencies’  guidance  for 
calculating  the  stability  of  a  gravity  dam  section  is  the  nonsite-spedfic  equations 
used  to  calculate  uplift  pressures.  Spedfic  issues  include  uplift  pressure 
distributions  with  or  without  cracking  and  the  length  of  crack  propagation  as  it 
relates  to  the  distribution  of  uplift  pressure. 
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6.2.1.1  No  foundation  drains.  When  foundation  drains  are  not  present  or 
are  inoperable,  the  distribution  of  uplift  pressures  is  the  same  for  all  agencies, 
corresponding  to  the  full  reservoir  pressure  head  below  the  heel  of  the  dam, 
full  tailwater  pressure  head  H2  below  the  toe,  and  with  a  linear  variation  in 
pressure  head  along  the  base. 

6.2.1.2  Foundation  drains  and  full  base  area  contact.  The  uplift  pressure 
distributions  of  the  two  agencies  are  slightly  different  in  the  case  of  dams  with 
foundation  drains  and  full  contact  along  the  base.  Three  key  factors  contribute 
to  these  differences  in  the  calculation  of  uplift  pressures: 


a.  The  Corps  and  Reclamation  differ  on  their  recommendation  for  the  value 
to  be  assigned  to  drain  effectiveness  E.  The  Corps  limits  the  value  for  E 
to  0.5  in  the  case  of  nonsite-specific  uplift  data  while  Reclamation 
assigns  a  value  to  E  of  0.66  for  new  designs. 

b.  In  the  case  of  the  elevation  of  the  floor  of  the  drainage  gallery  above 
tailwater  (H4  >  the  pressure  head  at  the  drain  is  given  in  Corps 
guidance  (Figure  8)  as 


=  K 


(^1  -  ^2) 


(L_^ 


^  -  H. 


*  H. 


(7) 


while  Ffj  is  given  in  Reclamation  guidance  (Figure  13)  as 
H,)  +  H, 


(8) 


with  K=\-E.  The  uplift  pressure  at  the  base  of  the  dam  at  the  line  of 
drains  is  equal  to  times  H^,  Given  the  same  value  for  drain 
effectiveness  E,  the  criteria  giving  the  larger  magnitude  of  computed 
uplift  pressures  will  depend  on  the  location  of  the  drain  X  along  the  base 
of  length  L,  the  height  of  the  tailwater  H^,  and  height  of  drain  i/4. 

c.  In  the  case  of  the  elevation  of  the  floor  of  the  drainage  gallery  below  tail- 
water  (i/4  <  i/2),  the  pressure  head  i/3  at  the  drain  is  given  in  Corps  guid¬ 
ance  (Figure  8)  as 


=  K 


+  //. 


(9) 


while  H3  is  given  in  Reclamation  guidance  (Figure  12)  as 
i/3  =K(H,-  i/2)  +  i/2 


(10) 


Because  the  Corps  criterion  multiplies  the  difference  between  headwater 
and  tailwater  by  the  term  (L  -  X)/L,  H3  will  always  be  higher  using 
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Reclamation  criteria  than  Corps  criteria  given  the  same  value  for  drain 
effectiveness 


6.2.13  Foundation  drains,  partial  base  area  contact,  and  crack  ends 
prior  to  line  of  drains.  When  the  crack  does  not  extend  to  the  line  of  drains,  the 
Corps  engineering  design  procedure  allows  for  consideration  of  drain 
effectiveness.  This  contrasts  with  the  Reclamation  procedure,  which  assumes 
the  drain  ineffective  when  cracking  initiates  unless  measurements  are  contrary. 

6.2.1.4  Foundation  drains  and  partial  base  area  contact  with  crack 
extending  beyond  the  line  of  drains.  Uplift  pressure  distributions  computed 
using  the  Corps  and  Reclamation  procedures  are  the  same  when  the  crack 
extends  beyond  the  line  of  drains.  The  drains  are  considered  to  be  ineffective  (E 
=  0)  in  this  case.  This  distribution  is  full  reservoir  head  (H^in  the  entire  crack, 
then  linear  varying  from  at  the  crack  tip  to  tailwater  (H2)  at  the  toe. 


6.2.2  Crack  initiation/propagation  for  the  Corps  and  Reclamation 

Both  Federal  agencies  define  the  engineering  procedures  to  be  followed  when 
the  calculations  show  a  potential  for  cracking  along  the  base  of  the  dam  in  the 
stability  calculations.  The  following  subsections  summarize  the  similarities  as 
well  as  differences  between  the  two  agencies. 


6.2.2.1  Crack  initiation.  Both  agencies  recognize  in  their  guidance  that  the 
area  with  the  greatest  potential  for  cracking  to  initiate  is  below  the  heel  of  the 
dam.  However,  the  Corps  and  Reclamation  differ  on  the  calculations  made  to 
determine  when  cracking  initiates. 

The  Corps  establishes  the  potential  for  cracking  along  the  base  by  comparing 
the  minimum  value  of  effective  normal  stress  P'„,„ ,  against  the  tensile  capacity 
for  the  region  in  question.  Cracking  initiates  below  the  heel  of  the  dam  if  P'„/„  is 
tensile  and  exceeds  the  tensile  capacity  of  the  material.  The  tensile  capacity 
along  the  base  of  a  gravity  dam  section  is  often  set  equal  to  zero  in  these 
calculations.  To  calculate  the  distribution  of  effective  stresses  along  the  base, 
the  normal  component  of  the  resultant  force  R  is  converted  to  a  linear 
distribution  of  effective  base  pressure  using  the  equations  given  in  Figure  2. 
Recall  that  uplift  pressures  are  included  in  the  calculation  of  i?,  as  depicted  in 
Figure  1. 


Reclamation  establishes  the  potential  for  cracking  along  the  base  by 
comparing  the  induced  total  stress  at  the  heel  using  the  equations  given  in 
Figure  4  with  o^„.  Recall  that  is  calculated  by: 


(4) 
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Recall  that/,  is  the  tensile  strength  of  the  material  and  s  is  the  safety  factor.  The 
term  pwh  represents  the  transformed  uplift  pressure  below  the  heel  of  the  dam, 
as  shown  in  Figures  17  through  19.  Recall  that  the  resultant  uplift  force  and  its 
point  of  application  are  the  same  for  both  the  actual  and  transformed  (triangular) 
uplift  pressure  distributions  in  these  calculations  only  for  the  case  of  no  tailwater 
and  no  drains  (Figure  17).  Cracking  initiates  below  the  heel  of  the  dam  when  the 
compressive  stress  o^  does  not  achieve  the  minimum  compressive  stress 
value. 

Reclamation  crack  initiation  criteria  represent  the  “demand”  below  the  heel 
of  the  dam  by  a  transformed  uplift  pressure.  Figures  18  and  19  show  that  this 
transformed  uplift  pressure  below  the  heel  can  be  less  than  the  actual  uplift 
pressure  when  drains  are  present.  Comparisons  of  crack  initiation  calculations 
made  between  the  Corps  guidance  and  Reclamation  guidance  indicate  the 
following: 

a.  The  two  procedures  produce  the  same  results  when  all  the  applied  forces 
on  the  dam  section  are  identical. 

b.  The  methodologies  are  different.  The  Corps  calculates  effective  base 
pressures  and  compares  the  location  of  the  resultant  (effective)  force. 
Reclamation  calculates  the  total  stress  at  the  heel  without  uplift  and 
compares  this  stress  to  an  equivalent  uplift  stress  o^  at  the  heel. 

c.  The  assumed  uplift  profiles  below  the  dams  are  identical  without 
drainage. 

d.  The  assumed  uplift  profiles  below  dams  with  drains  are  different  for  two 
reasons:  (1)  the  assumed  drain  effectiveness  is  different,  and  (2)  the 
equations  calculating  the  uplift  pressures  at  the  drains  are  different. 

6.2.2.2  Crack  propagation.  The  length  of  cracking  along  the  base  is  com¬ 
puted  according  to  both  Corps  and  Reclamation  criteria  using  iterative  calcula¬ 
tions  to  determine  the  length  of  crack  resulting  in  an  effective  stress  at  the  crack 
tip  of  zero  (or  equal  to  the  allowable  tensile  strength  for  the  material).  The 
methods  used  by  the  Corps  and  Reclamation  compute  the  same  crack  length 
when  the  uplift  profiles  are  the  same.  However,  differences  may  exist  in  the 
computed  length  of  crack  because  of  differences  in  the  uplift  pressure 
distribution  being  used  in  these  calculations.  For  example,  Reclamation 
guidance  does  not  allow  for  drain  effectiveness  once  a  crack  has  formed  while 
Corps  guidance  allows  for  consideration  of  drain  effectiveness  so  long  as  the 
crack  does  not  extend  to  or  beyond  the  drain. 
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6.2.3  Calculation  of  the  length  of  cracking  along  the  base  of  a 
100-ft-  (30.5-m-)  high  gravity  dam  section  using  the 
conventionai  equiiibrium  anaiyses  and  using  uplift  pressure 
distributions  according  to  guidance  empioyed  by  the  Corps 
and  Reciamation 

The  calculations  summarized  in  Chapter  5  of  this  report  demonstrate  that  the 
Corps  and  Reclamation  uplift  distributions  differ.  For  the  gravity  dam  section 
analyzed  and  given  the  same  value  for  drain  effectiveness  £  (0.25),  the  Reclama¬ 
tion  uplift  distribution  is  more  severe  on  the  crack  extent  calculation.  Addition¬ 
ally,  because  the  calculated  pool  elevation  at  which  a  crack  develops  below  the 
heel  of  the  dam  is  slightly  lower  (by  1.3  ft  (0.40  m)  when  using  the  Reclamation 
uplift  distribution,  it  is  reasoned  that  crack  potential  is  slightly  more  severe 
when  using  the  Reclamation  uplift  pressure  distribution.  Any  differences  in 
crack  potential  cannot  be  attributed  to  differences  in  Corps  and  Reclamation 
methodology  as  demonstrated  by  the  calculations  made  in  Chapter  4  but  are  due 
to  differences  in  uplift  distributions  as  demonstrated  by  calculations  made  in 
Chapter  5. 


6.3  Stability  Criteria  for  FERC  and  the  Corps 


FERC  stability  criteria  closely  resemble  the  criteria  used  by  the  Corps.  The 
two  criteria  have  the  following  differences: 

a.  FERC  does  not  require  different  factors  of  safety  for  the  different  static 
load  cases.  Rather,  a  factor  of  safety  of  1.5  is  required  for  the  worst 
static  load  case. 

b.  The  FERC  sliding  analysis  assumes  no  cohesion. 

c.  FERC  limits  the  shear  strength  of  concrete  in  conformance  with  ACl  318 
(ACl  1995). 

6.4  Uplift  Pressure  Criteria  for  FERC 
and  the  Corps 

FERC  uplift  pressure  criteria  closely  resemble  the  criteria  used  by  the  Corps. 
The  two  criteria  have  the  following  differences: 

a.  FERC  requires  that  the  drain  effectiveness  assumptions  be  justified  by 
actual  piezometric  readings  specific  to  the  load  case  being  analyzed. 
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b.  FERC  assumes  a  unit  weight  of  water  of  62.4  pcf  (999.5  kg/m^,  which  is 
slightly  less  than  the  value  of  62.5  pcf  (1,001.13  kg/m^  that  is  commonly 
used  by  the  Corps. 

c.  FERC  allows  for  drain  effectiveness  when  cracking  extends  downstream 
of  the  drain  line  based  on  piezometric  measurements. 
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Appendix  A 

Corps  Definition  of  Drain 
Effectiveness 


A.1  Introduction 


This  appendix  describes  the  Corps  definition  of  drain  effectiveness  which 
is  equal  to  a  decimal  fraction  that  ranges  from  0  to  1.0.  E  is  defined  in  terms  of 
magnitude  of  pore-water  or  uplift  pressure  acting  at  the  base  of  a  dam  section  at 
the  line  of  drains,  relative  to  the  two  limiting  values  possible.  The  first  limiting 
value  corresponds  to  the  case  of  the  drains  being  fully  effective  and  able  to  dis¬ 
charge  the  foundation  seepage  that  enters  the  drains  without  head  loss  as  the 
water  flows  upward  to  the  floor  of  the  drainage  gallery.  The  drain  is  fully 
effective  in  this  case  and  the  value  of  jE  is  equal  to  1.0.  The  second  limiting  case 
corresponds  to  the  other  extreme  of  an  ineffective  drain,  for  which  E  is  equal  to 
zero.  A  fully  clogged  drain  would  be  assigned  an  E  value  of  zero.  The  two  sets 
of  equations  listed  in  Figures  A.1  and  A.2  and  used  to  define  the  uplift  pressures 
for  a  given  drain  effectiveness  E  value  are  distinguished  by  the  elevation  of 
tailwater  relative  to  the  elevation  of  the  floor  of  the  drainage  gallery.  All 
equations  listed  allow  for  consideration  of  a  crack  extending  from  the  upstream 
face  of  the  dam  to  any  point  located  in  front  of  the  line  of  drains.  The  symbols 
used  in  the  equations  are  defined  as  follows: 

=  reservoir  pressure  head  above  the  dam  base  at  the  upstream  face 
H2  =  tailwater  pressure  head  above  the  dam  base  at  the  downstream  face 

=  calculated  pressure  head  above  the  dam  base  at  the  drain  location 
with£  =  0(and7J:=1.0) 

7/3 "  =  calculated  pressure  head  above  the  dam  base  at  the  drain  location 
with  £  =  1.0  (and£=0) 
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//j  =  calculated  pressure  head  above  the  dam  base  at  the  drain  location 
with  specified  E 

=  height  of  the  drainage  gallery  floor  above  the  dam  base 
L  =  length  of  dam  base  from  upstream  to  downstream 
X  =  distance  from  upstream  face  to  center  line  of  drains 
T  =  crack  length 

E  =  drain  effectiveness,  where  0  <  .£  <  1.0 
K={l-E) 

Y„  =  unit  weight  of  water 

A.2  Drain  Effectiveness  in  the  Case  of  the  Fioor 
of  the  Drainage  Gallery  Above  Tailwater 

Figure  A.1  shows  the  set  of  three  uplift  distributions  and  corresponding  equa¬ 
tions  for  uplift  pressures  at  the  line  of  drains  for  a  dam  with  the  elevation  at  the 
floor  of  the  drainage  gallery  above  the  tailwater  elevation.  T  designates  the 
length  of  crack  as  measured  from  the  front  face  of  the  dam.  Figure  A.  lb  shows 
the  uplift  distribution  for  the  case  of  zero  drain  effectiveness  (E  =  0).  This  distri¬ 
bution  is  the  worst  case  scenario  for  the  dam  and  therefore  corresponds  to  an  £ 
value  equal  to  zero.  Note  that  when  the  base  of  the  dam  is  in  full  contact  with 
the  rock  foundation,  the  uplift  pressure  at  the  line  of  drains  is  computed  by 
setting  the  crack  length  T  equal  to  zero  in  all  equations  in  Figures  A.1  and  A.2. 
The  Figure  Ale  uplift  distribution  represents  the  best  case  scenario  for  the  dam 
and  therefore  corresponds  to  an  E  value  equal  to  1.0.  In  this  case  the  uplift  pres¬ 
sure  at  the  line  of  drains  is  equal  to  the  unit  weight  of  water  times  the 
difference  between  elevations  of  the  floor  of  the  gallery  and  the  base  of  the  dam 
Figure  A.  Id  shows  the  intermediate  case  of  partial  drain  effectiveness. 
Recall  that  Corps  guidance  restricts  the  value  for  E  to  between  0.25  and  0.5  for 
dams  without  site-specific  uplift  pressure  measurements. 


A.3  Drain  Effectiveness  in  the  Case  of  the  Fioor 
of  the  Drainage  Gallery  Below  Tailwater 

Figure  A2  shows  the  set  of  three  uplift  distributions  and  corresponding  equa¬ 
tions  for  uplift  pressures  at  the  line  of  drains  for  a  dam  with  the  elevation  at  the 
floor  of  the  drainage  gallery  below  the  tailwater  elevation.  Figure  A.2b  shows 
the  uplift  distribution  for  the  case  of  zero  drain  effectiveness  (E  =  0).  This 
distribution  is  the  worst  case  scenario  for  the  dam  and  therefore  corresponds  to 


A2 
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an  E  value  equal  to  zero.  The  Figure  A.2c  uplift  distribution  represents  the  best 
case  scenario  for  the  dam  and  therefore  corresponds  to  an  £  value  equal  to  1.0. 
The  uplift  pressure  at  the  line  of  drains  is  equal  to  the  unit  weight  of  water 
times  the  difference  between  elevations  of  the  tailwater  and  the  base  of  the  dam 
H2.  Because  most  dams  use  gravity  flow  to  tailwater  to  drain  the  gallery  and 
with  the  tailwater  above  the  floor  elevation  of  the  drainage  gallery,  the  elevation 
of  tailwater  dictates  the  head  boundary  condition  at  the  top  of  the  drain.  Thus, 
the  uplift  pressure  at  the  line  of  drains  is  larger  in  this  case  (Figure  A.2c)  than 
that  shown  in  Figure  A.lc.  Figure  A.2d  shows  the  intermediate  case  of  partial 
drain  effectiveness.  Again,  Corps  guidance  restricts  the  value  for  E  to  between 
0.25  and  0.5  for  dams  without  site-specific  uplift  pressure  measurements. 
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Figure  A.1 .  Explanation  of  the  EM  1 1 1 0-2-2200  Figure  3-4  equation  in  the  case  of  the  elevation  of  the 
floor  of  the  drainage  gallery  above  tailwater  (Continued) 
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If  H3  >  H4  then 


(^of  Drains 


Full  Drain 
Effectiveness 
E  =  1.0 


(c)  Uplift  distribution  cracked  base  with  full  drain 
effectiveness 


Partial  Drain 
Effectiveness 
0  <  E  <  1.0 


H3  =  K  (Hi-  H2)  +  H2-  +  H 


Note:  H3  =  K(H3-  H^)  + 
and  K  =  1— E 

(d)  Uplift  distribution  cracked  base  with  partial  drain 
effectiveness 
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Figure  A.2.  Explanation  of  the  EM  1 110-2-2200  Figure  3-4  equation  in  the  case  of  the  elevation  of  the 
floor  of  the  drainage  gallery  below  tailwater  (Continued) 
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Figure  A.2.  (Concluded) 
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Reclamation  Definition  of  Drain 
Effectiveness  and  of  Crack 
Initiation 


B.1  Introduction 


This  appendix  contains  equations  for  uplift  at  the  drains  and  cracking  in  the 
concrete  as  described  in  Reclamation  criteria  (Bureau  of  Reclamation  1987).  ^ 


B.2  Equations  for  Pressure  Head  at  the  Drains 

The  equations  for  uplift  at  the  drains  are  listed  for  various  lengths  of  crack 
and  if  the  tailwater  is  above  or  below  the  drainage  gallery.  The  equations  use  the 
following  nomenclature: 

=  reservoir  pressure  head  above  the  dam  base  at  the  upstream  face 
H2  =  tailwater  pressure  head  above  dam  base  at  the  downstream  face 
=  calculated  pressure  head  above  the  dam  base  at  the  drain  location 
7/4  =  height  of  the  drainage  gallery  above  the  dam  base 
L  =  length  of  dam  base  from  upstream  to  downstream 
B  =  uncracked  dam  base,  B  =  L  -  T 

X  =  distance  from  upstream  face  to  drain  location  that  intersects  the 
horizontal  plane  (i.e.,  if  the  drains  are  angles) 


^  References  cited  in  this  Appendix  are  included  in  the  References  at  the  end  of  the  main  text. 
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T  =  crack  length  from  upstream  face 

E  =  drain  effectiveness,  where  0.0  =  no  reduction,  1.0  =  full  reduction 
K  =  drain  efficiency  =  (1  -  E),  where  1.0  =  no  reduction,  0.0  =  full  reduction 


B.2.1  For  the  condition  when  the  taiiwater  is  higher 
than  the  drainage  galiery 

When  the  taiiwater  elevation  is  higher  than  the  drainage  gallery  elevation,  the 
calculations  for  pressure  head  at  the  drains  (H^  are  made  assuming  the  drainage 
gallery  elevation  is  at  the  same  elevation  as  the  taiiwater. 

B.2.1.1  No  crack  exists.  Equation  B.l  is  used  by  Reclamation  for  when 
the  is  at  a  higher  elevation  than  and  no  crack  exists  in  the  concrete  (Fig¬ 
ure  B.l).  The  computed  uplift  pressure  at  the  drains  will  be  different  using 
Reclamation  criteria  from  that  computed  using  the  Corps  criteria  given  the  same 
K  value  based  on  the  position  of  the  drains. 


H,  =  -  H^K  +  H,  <  (H^  >  T  =  0)  (B.l) 

The  maximum  pressure  at  the  drains  is  a  condition  without  drains.  Equation  B.l 
can  produce  higher  pressure  values  than  the  maximum  condition  without  drains, 
so  the  maximum  value  of  is  given  in  Equation  B.la.  Notice  that  the  equation 
for  equals  the  equation  for  by  the  Corps  when  K  equals  1.0: 

-  -^^7^  (".  -  "2)  * 

The  range  of  possible  permissible  values  for  K  and  E  are: 

0.33  <  <  1.0  (B.lb) 

0.66  >  >  0.0  (B.lc) 

B.2.1.2  Crack  length  has  not  reached  drains.  Reclamation  criteria  assume 
full  reservoir  head  in  the  entire  length  of  the  crack  and  the  drains  become 
ineffective  under  steady  state  conditions  once  a  crack  forms  unless  there  are 
measurements  to  the  contrary.  (Note:  Current  practice  includes  a  drain 
efficiency  factor  (K,  K  =  I- E)  in  the  calculation  for  Equation  B.2.) 

Equation  B.2  is  used  for  i/3  when  H2  is  at  a  higher  elevation  than  i/4  and  the 
crack  length  T  has  not  reached  the  drains  X  The  uplift  distribution  is  bilinear 
from  full  reservoir  head  at  the  upstream  face  to  full  reservoir  head  at  the  crack 
tip  to  taiiwater  elevation  at  the  downstream  toe  (Figure  B.2). 
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^3 


~  ^  +  ^2  (H^>  <T  <X)  (B.2) 

L  ~  T 


B.2.1.3  Crack  length  at  drains.  Equation  B.3  is  used  for  i/3  when  is  at  a 
higher  elevation  than  i/4  and  the  crack  length  T  has  reached  the  drains  X.  The 
uplift  distribution  is  bilinear  from  full  reservoir  head  at  the  upstream  face  to  full 
reservoir  head  at  the  crack  tip  to  tailwater  elevation  at  the  downstream  toe 
(Figure  B.2). 

=  i/j  >H^,T  =X)  (B.3) 

B.2.1.4  Crack  length  beyond  drains.  Equation  B.4  is  used  fori/3  when  H2 
is  at  a  higher  elevation  than  and  the  crack  length  T  is  beyond  the  drains  X. 

The  uplift  distribution  is  bilinear  from  full  reservoir  head  at  the  upstream  face  to 
full  reservoir  head  at  the  crack  tip  to  tailwater  elevation  at  the  downstream  toe 
(Figure  B.2). 

i/3  =  i/3  {H^  >H,^,T>X)  (B.4) 


B.2.2  For  the  condition  when  the  gaiiery  eievation  H4 
is  higher  than  the  taiiwater  eievation 

When  the  gallery  elevation  is  at  a  higher  elevation  than  the  tailwater 
elevation,  the  calculations  for  pressure  head  at  the  drains  (if 3)  are  made 
assuming  the  tailwater  is  at  the  same  elevation  as  the  drainage  gallery. 

B.2.2.1  No  crack  exists.  Equation  B.5  is  used  by  Reclamation  for  ^3  when 
the  i/4  is  at  a  higher  elevation  than  H2  and  no  crack  exists  in  the  concrete.  Equa¬ 
tion  B.5  is  similar  to  Equation  7  (main  text)  used  by  the  Corps,  except  Reclama¬ 
tion  multiplies  the  drain  efficiency  (K,K=1-E)hy  the  difference  between  the 
reservoir  and  tailwater  levels  (Hi  -  and  the  Corps  multiplies  the  drain  effec¬ 
tiveness  by  the  head  at  the  drain  without  drains  as  in  Figure  8  (main  text).  As  a 
result,  the  computed  uplift  pressure  at  the  drains  using  Reclamation  criteria 
will  be  different  from  the  Corps  criteria  given  the  same  K  value  based  on  the 
position  of  the  drains,  the  tailwater  elevation,  and  the  height  of  the  gallery 
(Figure  B.3). 

7/3  =  (Hi <  /f3_  T  =  0)  (B.5) 

The  maximum  value  of  is  the  condition  without  drains.  The  height  of  the 
gallery  does  not  affect  this  equation,  because  the  maximum  pressure  head  at  this 
location  is  without  drains. 
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B.2.2.2  Crack  length  has  not  reached  drains.  Reclamation  assumes  full 
reservoir  head  in  the  entire  length  of  the  crack  and  the  drains  become  ineffective 
once  a  crack  forms.  Equation  B.6  is  used  for  when  is  at  a  higher  elevation 
than  H2  and  the  crack  length  T  has  not  reached  the  drains  X.  The  height  of  the 
gallery  does  not  affect  this  equation,  because  the  maximum  pressure  head  at  this 
location  is  without  drains.  The  uplift  distribution  is  bilinear  from  full  reservoir 
head  at  the  upstream  face  to  full  reservoir  head  at  the  crack  tip  to  tailwater  eleva¬ 
tion  at  the  downstream  toe  (Figure  B.4). 

^ - -  +  ^2  (H^>  <T  <X)  (B.6) 

B.2.23  Crack  length  at  drains.  Equation  B.7  is  used  for  when  7/4  is  at  a 
higher  elevation  than  H2  and  the  crack  length  T  has  reached  the  drains  X.  The 
uplift  distribution  is  bilinear  from  full  reservoir  head  at  the  upstream  face  to  full 
reservoir  head  at  the  crack  tip  to  tailwater  elevation  at  the  downstream  toe  (Fig¬ 
ure  B.4).  The  bilinear  pressure  distribution  is  identical  to  the  scenario  in 
section  B.2.1.2. 

7/3  =  (i/4  >H^,T=X)  (B.7) 

B.2.2.4  Crack  length  beyond  drains.  Equation  B.8  is  used  for  when  H2 
is  at  a  higher  elevation  than  i/4  and  the  crack  length  T  is  beyond  the  drains  X. 

The  uplift  distribution  is  bilinear  from  full  reservoir  head  at  the  upstream  face  to 
full  reservoir  head  at  the  crack  tip  to  tailwater  elevation  at  the  downstream  toe 
(Figure  B.4).  The  bilinear  pressure  distribution  is  identical  to  the  scenario  in 
section  B.2.1.2. 


7/3  =  //j  (7/4  >H^,T>X) 

B.3  Stress-Based  Crack  Criteria 


(B.8) 


Reclamation  uses  a  stress-based  criterion  to  determine  when  a  crack  might 
initiate  on  the  upstream  face  of  a  concrete  dam  from  induced  loads.  The  flexure 
formula  is  used  when  calculating  the  vertical  normal  stress  at  locations  along  the 
base  of  the  dam.  Equivalent  flexure  formula  stresses  are  related  to  total  stress, 
effective  stress,  and  pore-water  pressure. 


B.3.1  Flexure  formula 

The  flexure  formula  (Equation  B.9)  is  used  to  calculate  the  vertical  normal 
stresses  at  any  point  on  a  horizontal  plane  through  the  dam.  This  formula 
assumes  plane  sections  remain  plane  and  stress  distribution  is  linear  from  the 
upstream  face  to  the  downstream  face.  The  calculated  vertical  normal  stress  at 
any  point  along  a  horizontal  plane  is  the  stress  induced  by  the  axial  load  plus  or 
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Figure  B.4.  Reclamation  uplift  profiles  with  drainage  gallery  above  tailwater  and  partial  contact  along 
base 
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minus  the  stress  induced  by  the  bending  moment  (Figure  B.5).  The  stress  from 
the  axial  load  is  the  sum  of  the  vertical  forces  divided  by  the  horizontal  area. 

The  stress  from  the  bending  moment  is  the  sum  of  the  moments  about  the  center 
of  the  uncracked  portion  of  the  base  times  the  distance  from  the  center  of  the 
uncracked  base  divided  by  the  moment  of  inertia. 


o 

z 


(B.9) 


where 

=  vertical  normal  stress  at  location  c 

=  sum  of  vertical  forces 

Ai,  =  horizontal  area  of  uncracked  base  =  Bw 

M  -  sum  of  moments  about  center  of  uncracked  base 

c  =  distance  from  center  of  uncracked  base  to  extreme  fiber  (i.e.,  heel  and 
toe) 

4  =  moment  of  inertia  of  uncracked  base  =  B^w/12 
B  =  length  of  the  uncracked  base  (B  =  L  -T) 

L  =  length  of  base 
w  =  cross-canyon  width  (1  ft) 


B.3.2  Terminology  of  total  and  effective  stresses 

Karl  Terzaghi  developed  the  relationship  between  total  stress,  effective  stress, 
and  pore-water  pressure  in  a  saturated  medium  such  as  a  saturated  fine-grained 
soil.  The  total  compressive  stress  in  a  saturated  medium  consists  of  two 
components,  namely  the  effective  stress  o^^j-and  the  pressure  in  the  water  also 
called  the  pore-water  pressure  (Equation  B.IO). 

=  yji  (B.IO) 
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where 


u„  =  pore-water  pressure  =  yji  (Note:  Uf/i  =  pore-water  pressure  at  upstream 
face,  Ufj2  =  pore-water  pressure  at  downstream  face,  and  %3  =  pore-water 
pressure  at  drains) 

Yh,  =  density  of  water 

H  =  depth  of  water 

The  effective  stress  is  the  difference  between  the  total  stress  and  the  pore-water 
pressure  (Equation  B.ll).  The  stress  conditions  for  failure  depend  solely  on  the 
magnitude  of  the  effective  stress. 

^eff  ~  ^ Total  ~  (B.ll) 


where 

=  effective  stress 
Orotai  =  total  stress  (without  uplift) 

In  relationship  to  a  concrete  gravity  dam,  the  total  stress  along  the  base  is  calcu¬ 
lated  using  the  weight  of  the  dam  and  the  external  loads  except  uplift  such  as 
reservoir,  tailwater,  silt,  and  ice.  The  pore-water  pressure  is  calculated  using  the 
uplift  profile  under  the  dam. 


B.3.3  Terminology  for  total,  equivalent  effective, 
and  equivalent  uplift  stresses 


Reclamation  calculates  the  stress  due  to  the  equivalent  distribution  of  uplift 
pressure  (rather  than  the  actual  or  nonsite-specific  pore  pressure),  referred  to  as 
the  equivalent  uplift  stress,  using  the  flexure  formula  when  calculating  the  effec¬ 
tive  stress  (Figure  B.5). 


a.  Equivalent  effective  stress. 

^EqvEff  ~  ^Total  ~  ^EqvUpUft 

b.  Total  stress. 

Tm^*c 

^Total  =  —f—  ±  - Z - 

h 

c.  Equivalent  uplift  stress. 


(B.lla) 


(B.llb) 
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^EqvUplift 


(B.llc) 


'EFu  ^  EMu*c 

h 

where 

a^Ejf  =  equivalent  effective  stress,  which  is  the  total  stress  minus 
equivalent  uplift  stress 

^Eqvupiift  =  equivalent  uplift  stress,  which  is  a  vertical  stress  calculated  for 
estimating  the  effect  of  uplift  only 

Fj  =  sum  of  vertical  forces  except  from  uplift 

Mj-  =  sum  of  moments  from  forces  except  uplift 

Fu  =  sum  of  vertical  uplift  forces  only 

Mu  =  sum  of  moments  from  uplift  forces  only 

c  =  moment  arm  to  desired  stress  location 

The  following  nomenclature  is  used  for  equivalent  uplift  stress  along  base  of 
dam: 

^EqvUpiiftFuii  =  special  case  with  no  drains  and  no  tailwater 
OEgvupiiftHeei  =  ^tfess  at  the  upstream  face 
OEgvUpiiftToe  =  stress  at  downstream  face 

The  following  nomenclature  is  used  for  total  stress  along  base  of  dam: 

OromiHeei  =  sttess  at  upstream  face 
OpcaicrkTip  =  Stress  at  crack  tip 
OrotaiToe  =  strcss  at  downstream  face 


B.4  Crack  Initiation 

Reclamation  uses  the  equivalent  uplift  stress  at  the  heel  ^  EqvUpliftHeel 
expression  for  the  minimum  allowable  compressive  stress  (Equation  B.12)  at  the 
heel  of  a  dam  o^  to  determine  the  potential  of  a  crack  forming  in  the  concrete. 


ft 


P  -  - 

j3 


(B.12) 
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where 


=  minimum  allowable  compressive  stress  at  the  heel 
p  =  drain  factor 

=  1.0  for  the  scenario  of  no  drains  and  no  tailwater 

=  0.4  for  the  scenario  of  no  tailwater,  drain  effectiveness  E  =  0.66,  drains 
positioned  at  5  percent  from  upstream  face,  drains  spaced  at  10  ft 
(3.05  m)  on  centers  cross-canyon,  and  drain  diameter  at  least  3  in. 

(76.2  mm) 

=  must  be  calculated  for  any  other  scenario 

Y„,  =  density  of  water 

//j  =  depth  of  reservoir  above  base 
f,  =  tensile  strength  of  concrete 

s  =  safety  factor  (3  =  usual,  2  =  unusual,  1  =  extreme  loading) 

The  term pyjli  equals  the  (Equation  B.llc),  and/,/5  accounts  for  the 

tensile  strength  of  concrete. 

The  o^„  expression  is  a  function  of  a  drain  factor,  density  of  water,  height  of 
the  water,  tensile  strength  of  concrete,  and  a  factor  of  safety.  The  value  is 
then  compared  to  the  total  vertical  stress  at  the  heel.  Recall  that  total 

stress  is  calculated  without  uplift.  Cracking  initiates  when  exceeds  the  total 
stress. 

The  expression  for  can  be  easily  misunderstood,  so  further  explanations 
will  be  provided  here. 

The  first  misunderstanding  can  occur  because  the  expression  is  not  a  value 
for  the  pore-water  pressure  at  the  upstream  face  as  implied  by  the  yJJi  term,  but 
the  expression  is  the  equivalent  uplift  vertical  normal  stress  at  the  upstream  face 
induced  by  uplift  pressure  along  the  horizontal  plane  in  question  in  the  dam 
calculated  using  the  flexure  formula.  This  can  be  seen  in  Figure  B.5,  because  the 
equivalent  uplift  stress  is  different  from  the  uplift  pore-water  pressure  diagram. 

The  second  misunderstanding  can  occur  from  the  definition  for  being  the 
minimum  allowable  compressive  stress,  o^  actually  equals  the  tensile  stress  at 
the  heel  induced  from  uplift  forces  calculated  using  the  flexure  formula 
subtracted  from  the  allowable  tensile  stress,  is  the  equivalent  uplift  stress 
when  the  tensile  strength  of  concrete /is  zero  strength.  The  minimum  allowable 
compressive  stress  refers  to  the  minimum  allowable  total  stress  (without  uplift). 
If  the  total  stress  is  a  compressive  stress  larger  than  then  there  is 
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compression  at  this  location.  Therefore,  the  Reclamation  criterion  for  crack 
initiation  is  expressed  in  Equation  B.13  and  is  similar  to  Equation  B.lla; 

<^TotalHeel  ‘  =  0-0  =  ^EqvEffHed  (B.13) 

The  third  misunderstanding  can  occur  from  the  drain  factor  p.  A  drain  factor 
of  0.4  is  valid  only  if  the  drains  are  at  5  percent  of  from  the  upstream  face, 
there  is  no  tailwater,  the  drains  are  spaced  at  10  ft  (3.05  m)  on  centers  across  the 
canyon,  and  the  drain  effectiveness  E  is  66  percent.  A  drain  factor  of  1.0  is  valid 
only  if  there  are  no  drains  or  tailwater,  and  there  is  linear  uplift  distribution  from 
full  reservoir  head  at  the  heel  to  zero  at  the  toe.  The  drain  factor  must  be  recal¬ 
culated  for  other  conditions  (Figures  B.6  through  B.8  show  calculation  of  p  for 
various  scenarios  of  uplift  profiles).  The  value  of  p  is  the  ratio  of  the  equivalent 
uplift  vertical  stress  at  the  heel  from  the  given  uplift  profile  divided  by  the 
equivalent  uplift  vertical  stress  at  the  heel  from  a  full  uplift  profile  with  no 
drains  and  no  tailwater  (yjl^  (Equation  B.14).  To  obtain  a  new  value  of  p, 
calculate  the  equivalent  uplift  vertical  stress  at  the  heel  using  the  flexure  formula 
for  a  given  uplift  profile.  Then  divide  this  value  by  yjli.  can  be  calculated 
from  this  new  value  for  p. 

^  ^EffUpliftHeel  (g  14) 

yA 

The  value  of  p  is  calculated  for  three  uplift  scenarios  in  Figure  B.8.  Scenario  A 
is  a  condition  of  no  drains  and  no  tailwater.  Notice  the  pore-water  pressure 
equals  the  equivalent  uplift  stress  for  this  scenario.  Scenario  B  is  the  condition 
that  produces  a  drain  reduction  value  of  0.4.  This  condition  is  with  the  drains  at 
5  percent  of  ETi  from  the  upstream  face,  no  tailwater,  the  drains  spaced  at  10  ft 
(3.05  m)  on  centers  across  the  canyon,  and  the  drain  effectiveness  E  is  66 
percent.  Scenario  C  is  the  condition  for  the  sample  gravity  dam  problem  in 
Appendix  D. 

Figure  B.6  shows  the  calculations  to  compute  the  drain  reduction  factor  p  for 
an  example  gravity  dam  and  a  graph  to  obtain  the  drain  reduction  factor  p  for  any 
combination  of  tailwater  level  H2,  drain  location  xd,  and  drain  effectiveness  E. 

The  calculations  in  Figure  B.6  are  for  an  example  gravity  dam  with  a 
reservoir  height  of  100  ft  (HI  =  100  ft),  a  base  length  of  70  ft  (Z,  =  70  ft),  no 
tailwater  (H2  =  0),  drains  located  at  distance  of  5  percent  HI  from  the  heel  (xd  = 
5  ft),  and  a  drain  effectiveness  of  0.66  (E  =  0.66,  H3  =  33  ft).  The  calculated 
value  of  p  in  this  case  is  0.4.  Figure  B.6  also  shows  a  graph  to  obtain  the  drain 
reduction  factor  p  for  any  combination  of  tailwater  level  H2,  drain  location  xd, 
and  drain  effectiveness  E. 

The  graph  in  Figure  B.6  can  also  be  used  to  obtain  the  drain  reduction  factor 
p.  The  procedure  involves  calculating  the  ratios  xd/L  and  (H3  -  H2)I(H1  -  i/2), 
getting  the  initial  value  of  p  from  the  graph,  then  making  a  correction  for 
tailwater  level.  Using  the  example  gravity  dam,  the  ratio  xdjL  is  5/100  =  0.05, 
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HI  '=  100ft  Reservoir  head 
L  =  0.7  H1  Base  length 
X  0.05'Hl  Drain  location 


2  Drain  Efficiency 

E  :=  - 

3 

BT-LINEAR  STRESS  DISTRIBUTION 


D  Base  width 

A  =  L’D  Base  area 
A=70-ft^ 

H2  ;=  O-ft  Notailwater 


y  =  62.4 —  Water  density 


NO  TAILWATER  (H2  =  0),  E  =  2/3  (K  =  1/3),  X  =  5%  HI 


Forces: 


1  HI 

FI  - - (L-X)  rD 

2  3 

FI  =67600*lb 

HIX  ^ 

F2  := - y-D 

3 

F2  =  10400-lb 

r.,  HIX  ^ 

F3  := - y-D 

3 

F3  =  10400-lb 

Moment  Arms  About  Base  Center: 


Ll-t-X-^^  Ll=8.3*ft 

2  3 

L2:=---  L2-32.5-ft 

2  2 


L3:=---  L3=33.3-ft 

2  3 


F123  :=F1  tF2i-F3 

FI  23  =88400- lb 

Total  uplift  force 

M123  Fl-Ll  +F2-L2  +  F3  L3 

M123  =1.2-10*  -Ib-ft 

Total  moment  from  uplift  forces 

_  L  Stress  moment  ann  from  ^  _  D  L^ 

^  "  2  base  center  to  heel  12 

Moment  of  inertia 

_  F123  M123  c 

^z^bilinear  ■  ^  '  j 

''z_bilmear=2791-lb-ft-^ 

Vertical  stress  at  heel  for  bi-Jinear  uplift 
using  Flexure  Formula  (EQ  B.l  Ic) 

FULL  TRIANGULAR  DISTRIBUTION 


FF  :=--Hl-L-y  D 

2 

LF  -  MF  =  FF-I.F 

2  3 

Force,  moment  arm,  and  moment  for 
full  uplift  profile 

Solving  for  variables 

FF  MFc 

‘^z_£uir^  +  I  '"z_fuirH> 

Vertical  stress  at  heel  for  full  uplift 
using  Flexure  formula  (EQ  B.  1  Ic) 

Substituting  values; 

'^zfuir=Hl-7  {^„=6240-lb-ft'' 

DRAIN  REDUCTION  FACTOR  (p): 

^  z  bilinear  ^  . 

p  := — = -  p=0.4 

full 


Numeric  value  for  drain  reduction  factor 
for  bi-!inear  uplift  distribition  when 
X-5%H1  and  E=l/3  (K-2/3)  (EQ  B.  14) 


Figure  B.6.  Calculation  for  the  condition  of  no  tailwater,  drains  located  at  distance  of  5  percent  H1  from 
the  heel,  and  a  drain  effectiveness  of  0.66,  and  graph  of  various  drain  locations  and  effec¬ 
tiveness  of  the  drain  reduction  factor  p  (Figure  B.7)  (1  ft  =  0.305  m,  1  sq  ft  =  0.093  sq  m, 

1  lb  =  4.448  N,  1  Ib-ft  =  1.356  N-m,  1  psf  =  47.88  Pa,  1  pcf  =16.018  kg/m)  (Continued) 
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BUREAU  OF  RECLAMATION 

Drain  Reduction  Factor  (p) 


0  0.1  '  0.2  OJ  0.4  0.5  0.«  0.7  0.8  0.9  1 


Ratio  of  the  drain  location  to  the  base  length  (Xd/L) 


Pfoo6clur0* 

1.  Calculate  ratios  (Xd/L)  and  (H3-H2)/(H1-H2) 

2.  Obtain  value  of  p  from  graph 

3.  Correctp  for  taPwater  using  equation  [p(Hl-H2)+H2]/H1 

Where: 

p  -  drain  reduction  factor 

Hi  =  reservoir  pressure  head  on  the  upstream  face 

H2  ^  taRwater  pressure  head  on  the  downstream  face 

H3  ^  pressure  head  at  the  line  of  the  drains 

Xd  =  distance  of  the  drain  from  the  upstream  face 

L  =  horizontal  length  from  upstream  to  downstream  face. 


Figure  B.6.  (Concluded) 
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Figure  B.7.  Vertical  stress  calculations  at  heel  for  drain  reduction  factor  p 
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Figure  B.8.  Calculations  for  the  drain  factor  pfor  various  uplift  profiles  (1  ft  =  0.305  m,  1  psi  =  6.894  kPa, 
1  pcf  =16.018  kg/m^ 
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the  ratio  (//3  -  H2)I{H\  -  H2)  is  (33  -  0)/(100  -  0)  =  0.33,  p  from  the  graph  is  0.4, 
the  correction  for  tailwater  is  \p(Hl  -  H2)  +  H2]/H1  =  [0.4(100  -  0  +  OJ/100  = 
0.4.  So  the  value  of  p  is  0.4. 

The  value  of  p  for  the  example  gravity  dam  in  Figure  20  (main  text)  is 
included  in  Figure  D.l.  In  this  example,  the  calculated  value  of  p  is  0.83  for  HI 
=  100  ft,  L  =  75  ft,  xd  =  10  ft,  H3  =  68  ft,  and  772  =  5  ft.  Using  the  graph  in 
Figure  B.6,  the  ratio  xd/L  is  10/100  =  0.10,  the  ratio  (H3  -  H2)I(H1  -  H2)  is 
(68  -  5)/(100  -  5)  =  0.663,  p  from  the  graph  is  0.82,  the  correction  for  tailwater  is 
\p{Hl  -  H2)  +  H2yHl  =  [0.82(100  -  5)  +  5]/100  =  0.83.  So  the  value  of  p  is 
0.83. 


B.5  Reclamation  Procedure  to  Determine 
Crack  Initiation 

Reclamation  uses  the  following  steps  to  determine  when  a  crack  initiates: 

a.  Determine  all  forces  on  the  dam  such  as  concrete  weight,  reservoir 
(hydrostatic),  tailwater  (hydrostatic),  silt,  ice,  and  uplift. 

b.  Determine  moment  arms  for  each  force  about  the  center  of  the  uncracked 
base.  In  this  case  a  crack  has  not  formed  so  the  moments  are  about  the 
center  of  the  base. 

c.  Determine  the  moments  each  force  creates  about  the  center  of  the  base. 

d.  Calculate  the  total  vertical  normal  stress  ajg,ai  at  the  heel  using  flexure 
formula  in  Equation  B.llb.  This  is  for  all  the  forces  without  uplift. 

e.  Calculate  the  minimum  allowable  compressive  stress  using 
Equation  B.12. 

f.  Compare  with  the  o^„.  If  is  larger,  a  crack  will  form. 


Appendix  B  Reclamation  Definition  of  Drain  Effectiveness  and  of  Crack  Initiation 


B19 


Appendix  C 

Stability  Calculations  Made 
of  a  100-ft-  (30.5-m-)  High 
Concrete  Gravity  Dam  Section 
Using  the  Corps  Engineering 
Procedure  and  the  Corps  Uplift 
Pressure  Distribution 


This  appendix  lists  the  derivation  of  the  base  pressure  equation  (given  in 
terms  of  effective  stresses)  used  in  the  Corps  guidance  and  outlines  the 
calculations  made  for  a  100-ft-  (30.5-m-)  high  concrete  gravity  dam  section 
shown  in  Figure  C.l.  The  Corps  methodology  to  calculate  crack  potential  and 
crack  extent  is  demonstrated. 


C.1  Fundamental  Assumption  of  a  Linear 
Base  Pressure  Distribution 

Consider  a  structure  resting  on  a  solid  foundation  such  as  rock  with  a  base  of 
length  L  and  width  w  (see  the  free-body  diagram  in  Figure  C.2).  Let  all  the  verti¬ 
cal  forces  applied  to  the  base,  including  uplift,  be  N.  Also,  let  M  be  the  sum  of 
all  the  moments  applied  to  the  base  about  the  center  of  the  base.  As  the  base  is 
in  static  equilibrium,  the  foundation  applies  an  equal  and  opposite  resisting  force 
and  moment  in  the  form  of  base  pressure.  For  a  rigid  base  the  pressure  applied 
to  the  base  from  the  foundation  is  assumed  to  take  the  linear  form 

P'  =  ax'  +  b 
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Figure  C.1 .  Gravity  dam  example  problem  using  Corps  uplift  criteria  with  full  base  contact  (1  ft  = 
0.305  m,  1  psf  =  47.88  Pa,  1  pcf  =  16.018  kg/m^ 


C2 


Appendix  C  Stability  Calculations  Using  Corps  Engineering  Procedure  and  Uplift  Pressure  Distribution 


Figure  C.2  Free-body  diagram  of  the  base 

where 

P'  =  base  pressure 
a  =  constant  to  be  determined 
x'  =  distance  to  the  right  of  the  center  of  the  base 
b  =  constant  to  be  determined 
B  in  Figure  C.2  is  the  base  area  in  compression. 
Equilibrium  of  forces  requires 

w  J  ^  P^dx^  =  N 
1 

This  gives 

-a(xf  +  fcjc'  2  =  AT 

2  J_£ 

2 
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So 


Bw 


Equilibrium  of  moments  requires 

B 

wjl  P'x'dx'  =  M 

1. 


This  gives 


w 


\—a(xf  +  —b(xf‘ 
3  2 


B 

2  =  M 

B 

2 


Thus 

12M 
a  =  - 

B^w 

The  base  pressure  becomes 

_/  12M  ,  N 

P  =  - X  +  - 

B^w  Bw 
From  the  definition 
M 

e  =  — 

N 


where  e  =  eccentricity,  it  can  be  written 


P'  =  A. 

Bw 


lie  /  . 

- x'  +  1 

B^ 


(C.4) 


(C.5) 


(C.6) 


(C.7) 


(C.8) 


(C.9) 


(C.10) 


C.2  Cracking  Condition 

No  cracking  will  occur  while  the  base  pressure  remains  positive.  In  the 
following  sample  problem,  the  headwater  is  on  the  left,  so  the  most  critical  place 
on  the  base  is  at  the  left  end.  Therefore, 
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N 

Bw 


(C.11) 


(C.12) 


which  leads  to  the  general  conclusion  that  the  resultant  must  lie  within  the 
middle  third  of  the  base. 


C.3  Sample  Problem  of  a  100-ft-high  Gravity  Dam 

The  sample  problem,  given  in  Figure  C.3,  consists  of  a  nonoverflow  dam  with 
a  drain  of  effectiveness  E  which  is  higher  than  the  tailwater  level.  The  values  of 
the  variables  are  given  in  Table  C.l.  Note  that  a  1-ft  (0.3-m)  cross  section  is 
considered. 


C.3.1  Test  for  crack 

Equations  C.9  and  C.12  are  used  to  test  for  the  development  of  a  crack  where 
initially  B  =L. 

C  J.1.1  Force  computation.  The  weight  of  the  structure  W  is 

(C'  1 

=  ■i(0.15)(5  +  75)(100)(1) 

=  600  kip  (2,668.8  kN) 
where  Yc  is  the  unit  weight  of  the  concrete. 

The  tailwater  intersects  the  dam  at 


i/, 

Xj  =  (d  -  L) —  +  L 
^1 


75 


=  71.5  ft  (21.8  m) 


(C.14) 
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Table  C.1 

Value  of  Variables 

Crest  width  d 

5ft 

Length  of  base  L 

75  ft 

Reservoir  head  H, 

100  ft 

Tail  water  height  H, 

5ft 

Galiery  height 

10ft 

Distance  of  drain  from  heel 

. .  . . 

10ft 

Density  of  water  y^ 

0.0625  kip/ft® 

Unit  weight  of  concrete  Yo 

0.15  kip/ft® 

Drain  effectiveness  E 

0.25 

Width  of  base  w 

1  ft 

Note;  1  ft  =  0.305  m;  1  kip/ft“  =  0.01601 8  kg/m®. 

The  vertical  water  load  is  therefore 


-  Xj)H^w 

1  (C.15) 

=  ^(0.0625)(75  -  71.5)(5)(1) 

=  0.55  kip  (2.4  kN) 
where  is  the  unit  weight  of  water. 

The  pressure  head  H'^&{x  =  Xj  if  there  is  no  drain  or  £  =  0  from  Figure  C.4  is 


Hi  =  (H,  - 


=  (100  -  5) 


L 

75 


T) 

10 


'  75__10' 
,15  -  Q, 


75-0 

87.33  ft  (26.6  m) 


+  5 


(C.16) 


where 

Xj  =  distance  of  the  drain  from  the  heel 
T  =  current  length  of  the  crack 
As  the  condition 

Hi 


(CAT) 
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Figure  C.4.  Pressure  head  Wg  with  no  drain  or  E  =  0 


holds,  the  pressure  head  if  3  at  x  =  with  the  drain  (see  Figure  C.5)  is 

H,  =  (Hi  -  H,){1  -E)^H, 

=  (87.33  -  10)(1  -  0.25)  +  10 
=  68  yi  (28.7  m) 

The  uplift  force  in  Region  1  of  Figure  C.6  is 

=  (0.0625)(1)(100)(0) 

=  0  kip 

The  uplift  force  in  Regions  2  and  3  is 


(C.18) 


(C.19) 
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Figure  C.5.  Pressure  head  with  E  =  0.25 

^23  =  -  T) 

=  i(0.0625)(l)(100  +  68)(10  -  0) 

=  52.5  kip  (233.5  kN) 

The  uplift  force  in  Regions  4  and  5  is 

■■  |v.“<"3  •  "aXi  -  at,) 

=  i(0.0625)(l)(68  +  5)(75  -  10) 

=  148.28  kip  (659.5  kN) 
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Figure  C.6.  Five  regions  of  the  uplift  diagram  with  pressure  heads  identified  at 
key  points 


The  total  uplift  force  is  therefore 

U  =  f/,5 

=  0  +  52.5  +  148.28 
=  200.78  kip  (893  kN) 

The  total  force  is  therefore 


(C.22) 


N  W  +  Vj.  -  U 

=  600  +  0.55  -  200.78 
=  399.77  kip  (1,778.2  kN) 


(C.23) 


C.3.1.2  Moment  computation.  All  moments  are  taken  about  the  center  of 
the  base.  The  moment  due  to  the  weight  of  the  structure  for  Region  1  in 
Figure  C.7  is 
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Figure  C.7.  Structure  regions 


^w7  = 


^  d  B_ 


5  _  _ 

2  ~2 


H-Q 


(C.24) 


=  (0.15)(1)(5)(100)| 

=  -2,625  kip-ft  (-3,559  kN-m) 

The  moment  due  to  the  weight  of  the  structure  for  Region  2  in  Figure  C.7  is 


^w2  " 


-CM  +  L)  -  —  -  T 
3  2 


=  1(0.15)(1)(75  -  5)(100)|i[2(5)  +  75] 

=  -4,812.5  kip-ft  (-6,525  kN-m) 

The  total  moment  due  to  the  weight  of  the  structure  is 


75 


(C.25) 
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=  -2,625  -  4,812.5 
=  -7,437.5  kip-ft  (-10,083  kN-m) 


(C.26) 


The  moment  from  the  vertical  water  load  is 


M,  = 


1^.., 


T 


=  (0.55) 


=  19.98  kip-ft  (27  kN-m) 

The  moment  from  the  upstream  horizontal  water  load  is 

=  -(0.0625)(100)3(1) 

6 

=  10,416.67  kip-ft  (14,123  kN-m) 


The  moment  from  the  downstream  horizontal  water  load  is 


^3  = 


=  -l(0.0625)(5)^(l) 
o 


=  -1.30  kip-ft  (-1.76  kN-m) 

The  moment  due  to  uplift  from  Region  1  of  Figure  C.6  is 


^  +  T  -  — 
2  2 


=  (0.0625)(1)(100)(0) 

=  0  kip-ft  (0  kN-m) 

The  moment  due  to  uplift  from  Region  2  is 


2  2} 


(C.27) 


(C.28) 


(C.29) 


(C.30) 
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^u2  =  ^ 


B 


x.  +  T 

±L  +  T  -  — _ 

12  2  , 


=  (0.0625)(1)(68)(10  -  0) 

=  1,381.25  kip-ft  (1,872.7  kN-m) 
The  moment  due  to  uplift  from  Region  3  is 


^21  +  0  - 


-  H,){x,  -  T) 


1, 


—  +  T 

12 


2T  +  Xj 


=  ^(0.0625)(1)(100  -  68)(10  -  0) 

=  341.67  kip-ft  (463.2  kN-rri) 

The  moment  due  to  uplift  from  Region  4  is 


11 .0 

2  3 


Mu4  =  yj^^H  -  ^d) 


1  +  T  -  ^  ^ 


75 


=  (0.0625)(1)(5)(75  -  10) 

=  -101.56  kip-ft  (-137.7  kN-m) 
The  moment  due  to  uplift  from  Region  5  is 


+  0 


10  +  75 


K,  =  -  «2)<i  - 


B 


2xj  +  L 

fL  +  T  -  _ ^ _ 

2  3 


-(0.0625)(1)(68  -  5)(75  -  10) 


25  ,  0  _  2(10)  ^  75 
2  3 


-  746.48  kip-ft  (1,012.1  kN-m) 
The  total  moment  due  to  uplift  is 


(C.31) 


(C.32) 


(C.33) 


(C.34) 


^w2  ^w3  +  +  ^w5 

=  0  +  1,381.25  +  341.67  -  101.56  +  746.48 
=  2,367.84  kip-ft  (3,210.36  kN-m) 


(C.35) 
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The  total  moment  is  therefore 


M  = 

=  -7,437.50  +  19.98  +  10,416.67  -  1.30  +  2,367.84 
=  5,365.69  kip-ft  (7,274.9  kN-m) 

C.3.1.3  Crack  test.  Equations  C.9  and  C.  12  can  now  be  used  to  evaluate  the 
existence  of  a  crack. 

M 

e  -  — 

N 

^  5,365.69  (C-37) 

399.77 

=  13.42  ft  (4.09  m) 

As 

e  =  13.42  ft  >  -  =  —  =  12.5  ft  (3.81  m)  (C.38) 

6  6 

a  crack  will  develop. 

C.3.1.4  Crack  length.  From  Equation  C.  10  the  base  pressure  becomes  zero 
at 


Xn 


il. 

12e 


(C.39) 


From  this  a  new  value  of  the  effective  base  becomes 


B 


new 


-  X 


/ 

0 


and  the  new  crack  length  is 


T  =  L  -  B 

new  new 


(C.40) 


(C.41) 
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C.3.2  Results  for  7=  4  ft  (1.22  m) 


C.3.2.1  Force  computation. 


Hi  =  {H,  - 


=  (100  -  5) 


L  -  T 


+ 


75  -  10\ 


,75-4 
=  91.97  ft  (28.03  m) 


+  5 


H,  =  (Hi  -  Hft(l  -E)^H, 

=  (91.97  -  10)(1  -  0.25)  +  10 
=  71.48  ft  (96.91  m) 

U,  -  yj.HJ' 

=  (0.0625)(1)(100)(4) 

=  25  kip  (111.2  kN) 

f'a  =  -  T) 

=  1(0.0625)(1)(100  +  71.48)(10  -  4) 
=  32.15  kip  (143.0  kN) 

*  H^L  -  X,) 

=  i(0.0625)(l)(71.48  +  5)(75  -  10) 

=  155.35  kip  (691.0  kN) 

U  =  ^45 

=  25  +  32.15  +  155.35 
=  212.5  kip  (945.25  kN) 


(C.42) 


(C.43) 


(C.44) 


(C.45) 


(C.46) 


(C.47) 
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Cl  5 


(C.48) 


N  =  W  ^  -  U 

=  600  +  0.55  -  212.5 
=  388.05  kip  (1,726.13  kN) 


C.3.2.2  Moment  computation. 

-r) 

=  (0.15)(1X5)(100)||  -  ^  -4| 
=  -2,775  kip-ft  (-3,762.4  kN-m) 


K2  =  hcHL  -  d)H, 


-(2d  +  L)  -  —  -  T 
3  2 


=  i(0.15)(l)(75  -  5)(100)|i[2(5)  +  75] 
=  -5,862.5  kip-ft  (-7,948.5  kN-m) 


(C.50) 


=  -2,775  -  5,862.5 
=  -8,637.5  kip-ft  (-11,710.9  kN-m) 


(C.51) 


- 

=  (0.55)|1[2(75)  +  71.5]  -  y  "  4 
=  18.88  kip-ft  (25.6  kN-m) 


(C.52) 
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(C.53) 


=  (0.0625)(1)(100)(4) 


21.4 

[  2 


=  937.5  kip-ft  (1,271.1  kN-m) 


^u2  =  -  2) 


/  ^  rr^ 


=  (0.0625)(1)(71.48)(10  -  4) 


21.4 
\  2 


10+4 


=  871.16  kip-ft  (1,181.1  kN-m) 


Mu3  =  -  T) 


2T  .  X, 


—  +  T  -  - 

2  3 


-(0.0625)(1)(100  -  71.48)(10  -  4) 


179.14  kip-ft  (242.9  kN-m) 


21 .4  -  2(4)  ^  10 
2  3 


K4  =  Y,.H'//2(i  -  X^) 


I  .T  -2±1± 

12  2  ) 


f  71  10+75 

=  (0.0625)(1)(5)(75  -  10)|^^  +  4  -  ^ 

=  -60.94  kip-ft  (-82.6  kN-m) 


-  ^2)(^  - 


B  ^  T  -  ^ 

2  3 


=  i(0.0625)(l)(71.48  -  5)(75  -  10)^^  +  4  - 


=  1,057.79  kip-ft  (1,434.2  kN-m) 


(C.54) 


(C.55) 


(C.56) 


(C.57) 
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=  937.5  +  871.16  +  179.14  -  60.94  +  1,057.79 
=  2,984.65  kip-ft  (4,046.6  kN-m) 


(C.58) 


M  = 

=  -8,637.5  +  18.88  +  10,416.67  -  1.30  +  2,984.65 
=  4,781.4  kip-ft  (6,482.7  kN-m) 


(C.59) 


=  M. 

N 

^  4,781.4 
388.05 

=  12.32  ft  (3.76  m) 


/ 

°  12e 

=  71^ 

12(12.32) 

=  -34.1  ft  (-10.39  m) 


(C.60) 


(C.61) 


^old  ^0 

■  I  (75)  -  (-34.1) 
=  71.6  ft  (21.82  m) 


=  15  -  71.6 
=  3.4  ft  (1.04  m) 


(C.62) 


(C.63) 


C.3.2.3  Final  solution.  Equations  C.42-C.63  can  be  repeated  iteratively 
with  T  set  to  T„^  until  convergence  of  T  remains  unchanged  within  an 
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Table  C.2 

Iteration  Results 

Iteration 

T^^ft 

U,Mp 

kip-ft 

W,  kip 

M,  kip-ft 

1 

2.58 

200.78 

2,367.84 

399.77 

5,365.69 

2 

4.41 

208.33 

2,763.25 

392.22 

4,987.61 

3 

5.69 

213.71 

3,049.44 

386.84 

4,721.74 

Solution 

8.23 

224.90 

3,654.04 

375.65 

4,180.36 

Note:  1  ft  =  0.305  m;  1  kip  =  4,448  kN;  1  kip-ft  = 

1 .356  kN-m. 

acceptable  tolerance).  Table  C.2  shows  results  for  three  iterations  and  then  the 
converged  solution. 

By  Equation  C.9 

e  =  —  =  11.128  ft  (3.392  m)  (C.64) 

N 


Also,  from  Equation  C.IO  the  maximum  base  pressure  can  now  be  computed  as 


P' 


N 

Bw 


12e 


^  B^ 
\  2/ 


+  1 


w(L  -  T) 
1 


6M 

L  -  T 


+  N 


(1)(75  -  8.23) 

=  11.25  kip/ft^  (538.65  kPa) 


,  375.65 

75  -  8.23 


(C.65) 


C.4  Determine  Reservoir  Eievation 
When  the  Crack  initiates 

Equations  C.9  and  C.12  with B  =L  are  combined  to  determine  the  reservoir 
elevation  that  initiates  the  crack  as  follows: 


=  Eel  =  L  =  12.5  ft  (3.81  m)  (C.66) 

^cr  6 
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is  determined  by  substituting  different  values  oiHi  into  Equations  C.13-C.36 
with  r  =  0  and  all  other  values  of  Table  C.l  remaining  the  same  until  Equa¬ 
tion  C.66  is  satisfied.  This  iterative  process  produces  a  value  oiHi„  =  98.97  ft 
(30.17  m).  Equation  C.16  can  now  be  used  to  compute 


HL  =  -  ^2) 


=  (98.97  -  5) 


L  -  T) 
75  -  10' 


+  H. 


(  75  -  0  j 
86.44  ft  (26.35  m) 


+  5 


(C.67) 


Finally,  from  Equation  C.18, 


=  (hL  -  ^4X1 

=  (86.44  -  10)(1  -  0.25)  +  10 
=  67.33  ft  (20.52  m) 


(C.68) 
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Appendix  D 

Stability  Calculations  Made  of 
a  100-ft-  (30.5-m-)  High 
Concrete  Gravity  Dam  Section 
Using  the  Reclamation 
Engineering  Procedure  and  the 
Corps  Uplift  Pressure 
Distribution 


D.1  Concrete  Gravity  Dam  Example 

The  following  example  concrete  gravity  dam  problem  will  be  used  to  demon¬ 
strate  three  cases  showing  the  procedure  Reclamation  uses  to  determine  cracking 
in  a  gravity  dam.  This  appendix  describes  the  methodology  to  calculate  crack 
potential  and  crack  extent.  The  uplift  profile  will  be  identical  to  the  Corps  calcu¬ 
lations  in  Appendix  C,  so  only  the  cracking  methodology  is  demonstrated.  In 
Appendix  E,  Reclamation  criteria  for  uplift  will  be  used  to  demonstrate  the 
differences  in  uplift  assumptions.  The  calculations  will  be  jperformed  using 
MathCad  (MathSoft,  Inc.).'  The  first  case  will  show  the  calculations  to 
determine  the  potential  for  cracking  with  a  reservoir  depth  (i/j)  of  100  ft 
(30.48  m).  The  second  case  will  show  the  calculations  to  determine  the  depth  of 
reservoir  for  a  crack  to  initiate.  The  third  case  will  show  the  calculations  to 
determine  how  far  a  crack  will  propagate  with  the  reservoir  depth  at  100  ft 
(30.48  m). 

The  example  problem  is  a  concrete  gravity  dam  with  the  following 
dimensions,  loads,  and  drainage  (Figure  D.l). 


'  References  cited  in  this  Appendix  are  included  in  the  References  at  the  end  of  the  main  text. 
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Dam  height 
Base  width  L 
Uncracked  base  width  B 

Crest  width  d 

Downstream  slope  (run:rise) 
Reservoir  height 

Tailwater  height  H2 
Crack  length  T 

Pressure  head  at  the  drain 

Drain  effectiveness  E 
Distance  drain  from  heel 
Drain  height  above  base 
Concrete  density 
Water  density 
Sign  convention: 


100  ft  (30.48  m) 

75  ft  (22.86  m) 

75  ft  for  case  1  and  2, 
calculated  for  case  3 
5  ft  (1.52  m) 

0.7:1 

100  ft  (30.48  m)  for  case  1  and  3, 
calculated  for  case  2 
5  ft  (1.52  m) 

0  ft  (0  m)  for  case  1  and  2, 
calculated  for  case  3 
calculated  using  Corps  criteria 
(See  Appendix  A) 

0.25 

10  ft  (3.05  m) 

10  ft  (3.05  m) 

150  Ib/ft^  (2,402.77  kg/m^) 

62.5  Ib/ft^  (1,001.15  kg/m^) 
Tensile  stress  is  positive. 
Compressive  stress  is  negative. 


D.2  Potential  for  Cracking  with  100-ft 
(30.48-m)  Reservoir  Depth 

The  first  example  calculations  determine  cracking  potential  for  a  reservoir 
depth  of  100  ft  (30.48  m)  using  Reclamation  criteria  (Figure  D.2).  The 
following  is  a  narrative  of  the  calculations. 

a.  Determine  force  components.  Calculate  force  components  for  the  weight 
of  concrete,  reservoir  load,  tailwater  load,  and  uplift  load  (Figures  D.2 
and  D.3).  Force  components  are  designated  W  for  the  concrete  weight,  R 
for  the  reservoir,  TW  for  the  tailwater,  and  U  for  the  uplift.  The  uplift 
profile  is  a  bilinear  distribution  from  full  reservoir  head  at  the  heel  to 
head  at  the  drain  to  full  tailwater  head  at  the  toe.  Reclamation 
assumes  different  head  reduction  at  the  drain  from  that  of  the  Corps. 
However  for  this  study,  the  Corps  criteria  will  be  used  for 

b.  Determine  moment  arms  and  moments  about  uncracked  portion  of  the 
base.  Calculate  the  moment  arms  and  moments  for  all  the  force  compo- 
nents  about  the  uncracked  portion  of  the  base  (Figures  D.2  and  D.3). 
Moment  arms  are  designated  with  an  L  and  the  force  designation  (i.e.,  LR 
is  the  moment  arm  for  the  reservoir  load).  Moments  are  designated  M 
and  the  force  designation  (i.e.,  MR  is  the  moment  induced  by  the 
reservoir  load). 

c.  Equivalent  effective  stress  at  the  heel  (includes  uplift).  If  zero  tensile 
strength  of  concrete/^  is  assumed,  the  equivalent  effective  stress  at  the 


D2 


Appendix  D  Stability  Calculations  Using  Reclamation  Engineering  Procedure  and  Corps  Uplift  Pressure  Distribution 


heel  and  toe  can  be  calculated  in  lieu  of  using  (indicated  in  the  figures 
in  this  appendix  as  Szu)  to  determine  the  cracking  potential.  The 
equivalent  effective  stress  is  calculated  using  the  flexure  formula  and  all 
the  force  components  (W,  R,  TW,  and  U)  (Figure  D.2,  Sheet  2).  In  this 
case,  the  equivalent  effective  stress  at  the  heel  is  2.73  Ib/in^  (18.82  kPa) 
tension.  A  crack  is  postulated  to  initiate  since  this  equivalent  effective 
stress  is  tension  (greater  than  zero). 

d.  Calculate  and  check  for  crack  initiation.  The  o^„  method  is  identical 

to  the  equivalent  effective  stress  method  with  zero  tensile  strength  of  con¬ 
crete  (Figure  D.2).  Reclamation  criteria  state  two  values  of  the  drain 
factor  p  of  1.0  and  0.4.  This  example  uplift  profile  does  not  match  either 
of  these  stated  uplift  profiles,  so  a  new  value  for  p  must  be  calculated. 
First,  the  equivalent  uplift  stress  at  the  heel  is  calculated  using  the  uplift 
forces  and  the  flexure  formula,  which  equals  36.13  Ib/in^  (249.1  kPa) 
(Equation  B.llc).  Second,  the  equivalent  uplift  stress  at  the  heel  fi'om  a 
foil  uplift  profile  with  full  reservoir  head  at  the  heel,  no  drains,  and  no 
tailwater  is  calculated  using  the  flexure  formula,  which  equals  43.4  Ib/in^ 
(299.2  kPa)  and  is  always  (Equation  B.llc).  The  drain  reduction 
factor  is  36.13  Ib/in^  divided  by  43.4  Ib/in^  (299.2  kPa),  which  equals 
0.83  (Equation  B.14).  Third,  the  total  stress  is  calculated  using  all  forces 
(IT,  R,  and  TW)  without  uplift  U,  which  equals  33.4  Ib/in^  (230.3  kPa) 
compression  (Equation  B.llb).  Fourth,  the  total  stress  of  33.4  Ib/in^ 
(230.3  kPa)  compression  is  compared  with  o^„  of  36.13  Ib/in^  (249.1  kPa) 
tension.  A  crack  is  postulated  to  form  since  the  tension  is  greater  than 
the  compression.  Figures  B.5  and  D.4  graphically  show  the  stress 
profiles  for  this  example. 


D.3  Determine  Reservoir  Eievation 
When  Crack  Initiates 

The  second  set  of  example  calculations  determines  the  reservoir  depth /fj 
when  cracking  initiates  using  Reclamation  criteria  (Figures  D.5  and  D.6).  The 
calculations  to  determine  the  reservoir  depth  when  cracking  initiates  is  an 
iterative  process  and  is  identical  to  the  previous  calculations  with  reservoir  depth 
equal  to  100  ft  (30.48  m).  The  reservoir  elevation  is  varied  until  the  total 
vertical  normal  stress  at  the  heel  equals  For  this  example,  the  reservoir  level 
to  initiate  cracking  is  98.9675  ft  (30.16  m). 
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D.4  Determine  Depth  of  Cracking  with  Reservoir 
Eievation  of  100  ft  (30.48  m) 

The  third  set  of  example  calculations  determines  the  horizontal  extent  of 
cracking  T  with  the  reservoir  depth  of  100  ft  (30.48  m)  using  Reclamation  cri¬ 
teria  (Figures  D.7  and  D.8).  The  calculation  to  determine  the  reservoir  depth 
when  cracking  initiates  is  an  iterative  process,  because  the  uplift  profile  changes 
as  the  crack  grows.  The  calculations  are  similar  to  the  previous  calculations  with 
reservoir  depth  equal  to  100  ft  (30.48  m).  The  crack  length  T  is  varied  until  the 
equivalent  effective  stress  at  the  crack  tip  is  zero.  For  this  example,  the 
calculated  depth  of  cracking  is  8.23  ft  (2.51  m).  is  not  used  in  the  depth  of 
cracking  calculations. 
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Reservoir  height  =100  ft 


Figure  D.1.  100-ft-high  gravity  dam  section  (1  ft  =  0.305  m,  1  pcf  =16.018  kg/m®,  1  psf  =  47.88  Pa) 
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Determine  Potential  for  Crack  Formation  (Using  Corps  Uplift  Criteria) 
(See  Figures  B.5,  D.  1 ,  D.3,  and  D-4) 


GIVEN  VARIABLES 


d  5  ft 
HI  :=  lOO.O-ft 
H4  lO'ft 


H2  =  5ft 


Crest  width 
Reservoir  height 
Gallery  hei^t 
Tailwater  height 


lb 


yw  =  62.5 —  Density  of  water 


ft^ 


lb 

yc  :=  150— 
ft^ 

xd  =  10-ft 

W  :=  l-ft 

E  :=  0.25 


Concrete  density 

Drain  distance 
Width  into  paper 
Drain  efficiency 


Slope  -  0,7 
He  •=  lOO-ft 


D/S  slope 
Height  of  Dam 


L  :=  d  4^  He*  Slope 
L  =  75 *ft  Base  length 

Kips  =  10001b 


T  =  0.0'ft 
B  =L-T 


B=75*ft 


CRACK  LENGTH,! 
Uncracked  base  width 


DETERMINE  FORCE  COMPONENTS: 
Weight  of  Concrete 

W1  =  d  He  w  W1  =  75  *Kips 


W2  :=  0.5  yc  Hc  (L-d)  w 
Wdam  =  W1  +  W2 

Tailwater 

TWv!=  0.5*ywH2SIope*H2*w 
TWh  :=  0.5-yw  H2  H2-W 
Uplift 

Hp3  (HI  -  H2) 


W2=525  -Kips 
Wdam  =600 -Kips 

TWv=0.55  'Kips 
TWh  =0.78 'Kips 


Concrete  region  1 
Concrete  region  2 
Total  dam  weight 


Vertical  tailwater 
Horizontal  tailwater 


L  -  xd 


4-H2 

H4 


L-T, 

H3  -  (Hp3  -  H4)-(l  -  E) 

U1  -  yw  HM-w 

U2  :=  yw  H3  (xd  -  T)  w 

U3  :=  0.5-yw  (Hl  -  H3)-(xd  -  T)  w 

U23  :=  U2  +  U3 

U4  =  yw-H2-(L  -  xd)  w 

U5  -  0.5  y\v  (H3  -  H2)-(L  -  xd)  w 

U45  :=  U4  4-  U5 

Utotal  =  U1  4^  U2  +  U3  +  U4  4-  U5 
Reservoir  Force 


Hp3  =87.33-ft 


H3  -68-ft 
U1  =0'lb 
U2  =42.5  Kips 
U3  =10 'Kips 
U23  =52.5 -Kips  (EqC20) 

U4  =20.3 1 -Kips 

U5  =  127.97  'Kips 

U45  =  148.28 'Kips  (EqC.21) 


Head  at  drain,  Corp  criteria 
Uplift  region  1 

Pressures: 


(EqC.13) 

(EqC15) 

(EqC.16) 

(EqC.18) 
(Eq  C.19) 


4li 


*H2 


•H3 


HLyw 


'HI 


=  43.4'— 
.  2 
m 

lb 


=  H2  yw 


-  H3  yw  u 


H3 


=  29.51- 


lb 

.  2 
m 


Utotal  =  200.78  'Kips  Total  uplift  force 
(EqC.22) 


R  :=  0.5*yw*Hl  *w 


R  =  3 1 2. 5  'Kips  Horizontal  reservoir  force 

DETERMINE  MOMENTS  ABOUT  CENTER  OF  UNCRACKED  PORTION  OF  THE  BASE: 
Concrete  monienls  arms  and  moments  Kipft  =  1000*  lb*  ft 

LWl  =35‘ft  MWl  =  W1  LWl  MWl  =2625 -Kipft 


LWl =5+7-- 
2  2 
B  He-  Slope 

LW2  =  -  T  -  d - — 

2  3 


LW2  =9.17-A  MW2  =  W2LW2  MW2  =4812.5-Kipft 


(Eq  C.24 
(EqC.25) 


Figure  D.2.  Initial  stability  calculation  of  a  gravity  dam  with  full  base  contact  following  Reclamation 

procedures  (1  ft  =  0.305  m,  1  kip  =  4.448  kN,  1  kip-ft  =  1.356  kN-m,  1  pcf  =16.018  kg/m® 
1  psi  =  6.894  kPa,  1  sq  ft  =  0.093  sq  m)  (Sheet  1  of  3) 
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Deteimine  Potential  for  Crack  Fonnation  (Using  Corps  Uplift  Criteria) 

Tailwater  moment  ann  and  moment 

LXWv  :=  —  +  (- 1.0)  LTWv=36.33-ft  MTWv  -  tWvLTWv 

^  ]MrrWv  =  19.87 -Kipft 

LTWh  =  —  LTWh  =  1.67  a  MTWh  -  TWh  LTWh  MTWh  =  1.3  -KipB 

3 

Uplift  moment  anus  and  moment 


B  T 
LUl  - 
2  2 

LU2.5-(^ 

2  I  2 


LUl  =37.5‘ft  MUl  -  Ul  LUl  MU  I  =0-Kipft 


T=0*ft 


(EqC.27) 


(EqC.29) 


(EqC.30) 


LU2  =32.5-ft  MU2  =  U2LU2  MU2  =  1381.25 -Kipft  (EqC.31) 


LU3.^-  ^ 
2  13. 


LU3  =34.17‘ft  MU3  -  U3-LU3  MU3  =341.67 *Kipft  (EqC.32) 


LU4:=5  +  T  -xd- LU4=-5*ft  MU4  -  U4  LU4  MU4  =-101.56 -Kipft  (EqC.33) 


LU5  :.?^.T-xd- LU5=5.83‘ft  MU5  =  U5  LU5  MU5  =  746.48 -Kipft  (EqC.34) 

2  \  3 


Reservoir  moment  arm  and  moment 


LR  =  —  LR=33.33-a  MR  =  R-LR  MR  =  104 16.67 -Kipa  (EqC.28) 

3 

EQUIVALENT  EFFECTIVE  STRESS  AT  CRACK-TIP  (INCLUDES  UPLIFT),  USING  FLEXURE  FORMULA; 
P/A  +  Mc/I  /VBOUT  CENTERLINE  OF  UNCRACKED  BASE 

Sum  of  all  Vertical  Forces 

Fveqveff  -  W1  +  W2  +  TWv  -  U1  -  U2  -  U3  -  U4  -  U5  Fveqveff  =  399.77 *Kips  (Eq  C.23) 

Sum  of  all  Moments  about  Centerline  of  Uncracked  Base 
Meqveff  .=  MWl  MW2  +  MTWh  -  MTWv  -  MUl  -  MU2  -  MU3  -  MU4  -  MU5  -  MR 

Meqveff=-5365.57  -Kipft  (Eq  C.36 


c=-  c=37.5*ft 

2 


Location  of  crack-tip  from  center  of  Uncracked  base 


1  =  35156.25*11 


Moment  of  Inertia  of  Uncracked  Base 


A-Bw  A=75*ft 


Area  of  Uncracked  Base 


<Teqveff_crackjip  =  f  V.  j  o  cTeqvefT_crack_tip  =  2.73  •—  (EQ  B.  1  la) 

\  ^  ^  I  in  Positive  =  tension  (If  tension, 

then  crack  grows) 

aeqvefF  toe  =  ,.o)  aeqveff  toe  =-76.76  (EqB  11a) 

\  A  I  /  in^ 
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Determine  Potential  for  Crack  Formation  (Using  the  Corps  Uplift  Criteria) 
CALCULATE  Szu  AND  CHECK  FOR  CRACK  INITIATION: 

Calculate  stress  at  crack  tip  and  toe  from  Uplift  forces  only 


T=0-ft 


Fveqv_uplift  =  U1  +  U2  i-  U3  i-  U4  U5 
Mcqv_tiplift  :=  MUl  +•  MU2  +  MU3  +  MU4  -i-  MU5 

(Fveqy_upiift  Meqv  uplift*  c 

- - - ^ - 


Fveqv_uplift  =200.78  'Kips 

Meqvjuplift  =2367.84  *Kipft 
lb 

aeqvupliftcrktip  =  36.13  — - 


aeqv  uplift  toe  = 


Fveqv^uplift  Meqv_uplift-c 


aeqv_uplift_toe  =  1.05  • 


lb 


(EqC.35) 

(EqB.llc) 

(EqB.llc) 


Calculate  stress  at  heel  from  full  uplift  profile  =  no  tailwater,  no  drains 
Equivalent  Triangular  Uplift  Distribution 

lb 


Ori  =  LO-yw-Hl 


uri  =43.4* 


Calculate  Drain  factor  (p)  value  in  Szu=pgwh-ft/s 

T  =  0-  ft  Crack  length  (T),  if  T=0,  then  at  heel 


aeqv_uplift_crktip 


p  =0.83 


f.  0 
t  .  2 
m 


s-  1.0 


'^Hl 

lb 


Tensile  strength  of  concrete 


Safety  factor 


Szu  p  yw-Hl - 

s 


Szu  =36.13  ‘ 


lb 


CALCULATE  TOTAL  STRESS  (WITHOUT  UPLIFT) 
Fvjotal  :=  W1  +  W2  +  TWv 
Mtotal  :=  MWl  +  MW2  +  MTWh  -  MTWv  -  MR 
/Fv  total  Mlotal*c\ 


crtotal_crklip 


(Ttotal  toe 


1.0 


(-1.0) 


p  is  the  ratio  of  the  stress  at  the  heel  from 
uplift  profile  in  question  divided  by  the  stress 
at  the  heel  from  a  full  triangular  uplift  profile 

Szu  is  the  same  as  the  vertical  stress  at  the 
heel  from  the  uplift  profile  in  question  when 
the  tensile  strength  of  concrete  =  0  psi. 

(EqB.12) 


Fvtotal  =600.55  *Kips 
Mtotal  =-2997.73  -Kipft 

lb 

ototalcrktip  =-33.4  — - 
in 


lb 

crtotal  toe  =-77.81 - 

-  .  2 
in 


(EqB.llb) 

(EqB.llb) 


COMPARE  TOTAL  STRESS  (WlTHOLTf  UPLIFT)  WITH  Szu 
CTtotal^crklip  =-33.4  *ib  in  ^  Szu  =36.13  'lb- in  ^ 

Compare  =  crtotal  crklip  -  Szu-(- 1.0)  Compare  =  2.73  ‘lb* in 


CrackingTf  the  total  stress  has  a  compression 
greater  than  Szu,  then 
_2  no  crack  develops. 


Figure  D.2.  (Sheet  3  of  3) 
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Figure  D.3.  Pressure  and  equivalent  resultant  forces  acting  on  the  1 00-ft-  (30.48-m-)  high  gravity  dam 
section 
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=43.4 


Determine  if  Cracking  Forms,  T=0  ft 
(Values  in  psi) 


Figure  D.4.  Minimum  allowable  compressive  stress  according  to  Reclamation  criteria  and  assuming 
full  base  contact  (1  psi  =  6.894  kPa) 
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Determine  Reservoir  Level  to  Induce  Crack  Formation  (Using  Corps  Uplift  Criteria) 
(See  Figures  B.5,  D.l ,  D.3,  and  D.4) 

lb 


GIVEN  VARIABLES 
d  =  5  ft  Crest  width 

HI  -  9S.9675- ft  RESERVOIR  HI 
10  ft  Gallery  height 
Tail  water  height 


H4 

H2 


-  5ft 


lb 

yw  :=  62.5 — r 


T  0.0- ft 
B  =L-T 


Density  of  water 


yc  =  150- 

xd  -  10' ft 
w  =  l-ft 
E  ■=  0.25 


Concrete  density 

Drain  distance 
Width  into  paper 
Drain  efficiency 


Slope  =  0.7 
Hc:=  100  ft 


D/S  slope 
Height  of  Dam 


L  :=  d  +  He  Slope 
L=75*ft  Base  length 

Kips  -  1000- lb 


B=75*ft 


CRACK  LENGTH,! 
Uncracked  base  width 


DETERMINE  FORCE  COMPONENTS: 
Weight  of  Concrete 

W1  -  yc  d-Hc  w 


W2  =0.5  yc  Hc  (L-d)  w 
Wdara  :=  W1  -t-  W2 

Tailwater 

TWv  0.5'yw-H2- Slope  H2  w 
TWh  :=  0.5  yw-H2  H2  w 
Uplift 

Hp3  =  (HI  -  H2)- 


W1  =75 -Kips 

W2=  525 ‘Kips 
Wdam  =  600  ‘Kips 


TWv  =0.55  -Kips 
TWh  =0  78 -Kips 


Concrete  region  1 
Concrete  region  2 
Total  dam  weight 


Vertical  tailwater 
Horizontal  tailwater 


>(^) 


-t-ffi 


Hp3  =86.44‘ft 


H3  :=  (Hp3-H4)  (l  ~E)+H4 

U1  -yw-Hl  T  w 

U2  :=  rw-H3  (xd-T)  w 

U3  .=  0.5-tw  (H1  -  H3)-(xd  -  T)  w 

U23  :=  U2  U3 

U4  :=  7W-H2  (L-xd)  w 

U5  -  0.5-yw  (H3  -  H2)  (L  -  xd)  w 

U45  •=  U4  +  U5 

Utotal  :=  U1  +  U2  +  U3  4-  U4  +  U5 
Reservoir  Force 


Head  at  drain.  Corp  criteria 
Uplift  region  1 

Pressures: 


H3  =67.33‘fi 

U1  =0‘lb 

U2  =42.08 -Kips 

U3  =9.89  -Kips 

U23  =5 1.97 -Kips  (EqC.20) 

U4  =20.31 -Kips 

U5  =  126.61  ‘Kips 

U45  =  146.92 ‘Kips  (EqC.21) 

Utotal  =  198.89  *Kips  Total  uplift  force 
(EqC.22) 


(EqC.13) 

(EqC.l5) 

(EqC.16) 

(EqC.I8) 

(EqC.I9) 


=Hlyw  u^]=42.95‘- 


Ib 


m 

lb 


UH2:=H2yw  Uh2=2.17-— 


H3 


H3  yw  u 


H3 


=  29.22  ‘ 


lb 


R  =0.5  yw  Hr  w 


R  =  306.08  ‘Kips  Horizontal  reservoir  force 

DETERMINE  MOMENTS  ABOUT  CENTER  OF  UNCRACKED  PORTION  OF  THE  BASE: 

Concrete  moments  aims  and  moments  Kipft  -  1000Tb- ft 

LW1:=5  +  T--  LWl=35-ft  MW1:=W1LWI  MW  1  =2625 -Kipft 
2  2 

LW2  +  LW2=9.17-ft  MW2  =  W2  LW2  MW2  =4812.5 -Kipft  (EqC.25) 

2  3 


(EqC.24 


Figure  D.5.  Reclamation  calculation  to  determine  reservoir  elevation  H,  resulting  in  S,o«a/  hea/Squal  to  o^^ 
(1  ft  =  0.305  m,  1  kip  =  4.448  kN,  1  kip-ft  =  1.356  kN-m,  1  pcf  =16.018  kg/m^  1  psi  =  6.894 
kPa  (Sheet  1  of  3) 
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Determine  Reservoir  Level  to  Induce  Crack  Formation  (Using  Coips  Uplift  Criteria)  T  “  0*ft 

Tailwater  moment  arm  and  moment 


LTWv  :4—  +  (- 1.0)  LTWv  =  36.33-ft  MTWv  =  TWvLTWv 

2  \  3  yj 

MTWv  =  19.87 -Kipft 


(EqC.27) 


LTWh:=^  LTWh  =  1.67-ft  MTWh  =  TWhLTWh  MTWh  =  1.3 ‘Kipft  (EqC.29) 

3 

Uplift  moment  anns  and  moment 

LUl=37.5‘ft  MUI-UlLUl  MUI  =0 -Kipft  (EqC.30) 

2  2 

LU2  5  -  LU2  =32.5-ft  MU2  :=  U2  LU2  MU2  =  1367.62 -Kipft  (EqC.31) 

LU3  .=  5  -  )  LU3  =34.17-11  MU3  =  U3  LU3  MU3  =337.81 -Kipft  (EqC.32) 

2  \  3  / 


LUl  =37.5-ft 

MUI  ;=  Ul  LUl 

MUI  =0 -Kipft 

(EqC.30) 

LU2  =32  5-ft 

MU2  U2  LU2 

MU2  =  1367.62  -Kipft 

(EqC.31) 

LU3  =34  17-11 

MU3  =  U3-LU3 

MU3  =337.81 -Kipft 

(EqC.32) 

LU4=-5-ft 

MU4  =  U4-LU4 

MU4  =-101.56  -Kipft 

(EqC.33) 

LU5-5.83-ft 

MU5  n:  U5  LU5 

MU5  =738.53  -Kipft 

(EqC.34) 

LU4  =  -  +  T  -  xd 
2 


LU5:=^i-T-xd- -j  LU5=5.83-ft  MU5  U5-LU5  MU5  =738.53 -Kipft  (EqC.34) 
Reservoir  moment  arm  and  moment 

LR  :=—  LR=32.99‘ft  MR  =  R  LR  MR  =  10097.33 -Kipft  (EqC.28) 

3 

EQUIVALENT  EFFECTIVE  STRESS  AT  CRACK-TIP  (INCLUDES  UPLIFT),  USING  FLEXURE  FORMULA: 
P/A  +  Mc/I  ABOUT  CENTERLINE  OF  UNCRACKED  BASE  (EQUATION  B.  1  la) 

Sum  of  all  Vertical  Forces 

Fveqveff  :=  W1  +  W2  +  TWv-  Ul  -  U2  -  U3  -  U4  -  U5  FveqvelT=401.66*Kips  (EqC.23) 

Sum  of  all  Moments  about  Centerline  of  Uncracked  Base 
Meqve{r:=  MWl  i^MW2  +  MTWh  -  MTWv-  MUI  -  MU2  -  MU3  -  MU4  -  MU5  -  MR 

MeqvefF  =  -5020.79  ‘Kipft  (Eq  C.36) 


c;=-  c-37.5-ft 

2 

I:.  I=35156,25.ft‘‘ 


Location  of  crack-tip  from  center  of  Uncracked  base,  (Eq  D.  1) 


I  -  I  =  35 1 56.25*ft  Moment  of  Inertia  of  Uncracked  Base,  (Eq  D.2) 

12 

A  :=  B  w  A  =  75‘ft^  Area  of  Uncracked Base,  (Eq  D.3) 

/Fvcqveff  Meqveff  c\  i  ^  Positive  =  tension  Of  tension, 

Geqveff_ciBck_Up  ^  - )-  1.0  Geqveff_cracfc_t.p  =0  -—  ^ 


.  2  then  crack  grows) 
in  ® 


Gcq^^ffjoe  aeqvefftoe  =-74.38  (EqB.lla) 

\  A  I  /  in^ 
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Determine  Reservoir  Level  to  Induce  Crack  Formation  (Using  Corps  Uplift  Criteria) 
CALCULATE  Szu  AND  CHECK  FOR  CRACK  INITIATION: 


T=0»ft 


Calculate  stress  at  crack  tip  and  toe  from  Uplift  forces  only 

Fveqv_uplift  -  U1  +  U2  +  U3  +  U4  +  U5 

Meqv_uplift  =  MUl  +  MU2  4-  MU3  +  MU4  +  MU5 

/Fveqv  uplift  Meqv  uplift- c\ 
oeqv_uplift_crktip  -  [ - — - -h - j - 1 


Fveqv_uplift  =  198.89  -Kips 
Meqvuplift  =  2342.4  ’Kipft 
aeqv_uplift_crktip  =  35.77  •- 


(EqC.35) 

(EqB.llc) 


aeqv_uplift  toe  := 


Fveqv  uplift  Mcqv_uplift  c 


acqv  uplift_loc  =  1 .06  — -  (Eq  B.  1  Ic) 

in^ 


Calculate  stress  at  heel  from  full  uplift  profile  =  no  tailwater,  no  drains 
Equivalent  Triangular  Uplift  Distribution 


uri  ==  L0‘7wH1 


UH,  =42.95-- 


(EqB.llc) 


Calculate  Drain  factor  (p)  value  in  Szu=pgwh-ft/s 

T  =  0*ft  Crack  length  (V),  if  T=0,  then  at  heel 


T=0-ft 

CTeqv_uplift_crktip 


p=0.83 


f*  :=  0 - 

*  2 
m 


Tensile  strength  of  concrete 


Safety  factor 


Szu  -  p  yw  Hl  - 


Szu  =35  77  ► 


p  is  the  ratio  of  the  stress  at  the  heel  from 
uplift  profile  in  question  divided  by  the  stress 
at  the  heel  from  a  fill  I  triangular  uplift  profile 
(Equation  B.  14) 

Szu  is  the  same  as  the  vertical  stress  at  the 
heel  from  the  uplift  profile  in  question  when 
the  tensile  strength  of  concrete  =  0  psi. 

(EqB.12) 


CALCULATE  TOTAL  STRESS  (WITHOUT  UPLIFT) 

Fv  total  -  W1  +  W2  +  TWv 

Mtotal  MWl  +  MW2  ^  MTWh  >  MTWv-  MR 

/Fv  total  Mtotal- c\ 

ortotal  crktip  =  — = - + - )■- 1.0 

-  \  A  I  j 

,  /Fv  total  Mtotal- 

motal  toe:=  - ‘(-10) 

I  A  I  / 

COMPARE  TOTAL  STRESS  (WITHOUT  UPLIFT)  WITH  Szu 
crtolal_crklip  — -35.77*lb  in  ^  Szu  =35.77* lb- in  ^ 

Compare  -  ototal^crktip  -  Szu-(- 1.0)  Compxirc  =0  *lb  in 


Fvjotal  =600.55  -Kips 
Mtotal  =-2678.4 ‘Kipft 

cTtotal_crktip  =  -35.77  (Eq  B.  1 1  b) 


crtotal  toe  =-75.45  • 


(EqB-llb) 


Cracking:  If  the  total  stress  has  a  compression 
greater  than  Szu,  then  no  crack  develops. 


Appendix  D  Stability  Calculations  Using  Reclamation  Engineering  Procedure  and  Corps  Uplift  Pressure  Distribution 


D13 


Determine  Reservoir  Level  to  Initiate  Cracking.  T=0  ft 


Figure  D.6.  Reservoir  elevation  H,  =  98.97  ft  using  Reclamation  criteria  when  Oro,^_Heei  equals  (1  ft  = 
0.305  m,  1  psi  =  6.894  kPa) 
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Determine  Length  of  Crack  with  Reservoir  at  100  feet  (Using  Corps  Uplift  Criteria) 
(See  Figures  B.5,  D.  1,  D.3,  and  D.8) 

GIVEN  VARIABLES 

d  :=5  ft  Crest  width  yc  =  150 —  Concrete  density  Slope  =  0.7  D/S ! 


d  =  5  ft  Crest  width 

HI  =  100.0  ft  RESERVOIRHT 

H4  =  10- ft  Galleiy  height 

H2  =  Sft  Tailwater  height 


yw  -  62.5- 


Density  of  water 


E  =  0.25 


Concrete  density  Slope  =0.7  D/S  slope 

He  =  100- ft  Height  of  Dam 


xd  :=  10-ft  Drain  distance 
Width  into  paper 
^  Drain  efficiency 


L  =  d  -t-  He-  Slope 
L  =  75  ‘  ft  Base  length 

Kips  :=  1000- lb 


B  =  L-T 


CRACK  LENGTH,? 
B  =  66 .77 •  ft  Uncracked  base  width 


DETERMINE  FORCE  COMPONENTS: 

Weight  of  Concrete 

W1  =  yc-d  Hc  w  W1  =75*Kips 

W2  :=  0.5'7C-Hc-  (L  -  d)- w  W2  =  525  -Kips 

Wdam  :=  W1  +  W2  Wdam  =  600  -Kips 


Tailwater 

TWv  =  0.5  yw  H2  Slope  H2  w 
TWh  0.5ywH2H2w 


TWv  =0.55 -Kips 
TWh  =0.78  'Kips 


Concrete  region  1 
Concrete  region  2 
Total  dam  weight 


Vertical  tailwater 
Horizontal  tailwater 


(EqC.13) 


(EqC.15) 


•  /L  -  xd 


Hp3  :=  (HI  -  H2)- 


H3  -  (Hp3-H4)  (l -E) +H4 

U1  :=  yw  HI  T-w 

U2-ywH3-(xd-T)w 

U3  0.5  yw  (Hl  -  H3)  (xd  -  T)  w 

U23  :=  U2  -H  U3 

U4  :=yw  H2  (L-xd)  w 

U5  :=  0.5  yw  (H3  -  H2)  (L  -  xd)  w 

U45  =  U4  +  U5 

Utotal  :=  U1  +  U2  +  U3  +  U4  +  U5 
Reservoir  Force 
R  :=  0.5  yw  Hl^  w 


Hp3  =97.48*fl  (EqC.16) 

H3  =  75 .6 1  'ft  Head  at  drain,  Corp  criteria  (Eq  C.  1 8) 

U1  =51437.5'lb  Upliftregionl  (EqC.19) 

U2=  8.36 -Kips  ^ 

^  Pressures: 

U3=1.35*Kips  ujjl  =Hlyw  ujjj  =4! 


U23  =9.71 ‘Kips 
U4  =20.31  'Kips 
U5  =143.43  ‘Kips 
U45  =163.74 'Kips 


(EqC.20) 


(EqC.21) 


'^Hl  ^  Ujjj  =43.4*— 
in 

Uh2  ■K2yw  ujj2“2.17‘— 


UH3-=H3yw  =32.1 


Utotal  =  224.89  ‘Kips  Total  uplift  force 
(EqC.22) 


R  =312.5 ‘Kips 


Horizontal  reservoir  force 


DETERMINE  MOMENTS  ABOUT  CENTER  OF  UNCRACKED  PORTION  OF  THE  BASE. 


Concrete  moments  arms  and  moments  Kipft  -  1000  lb  ft 

LW1:=-+T--  LWl  =39.1I-ft  MWl  =  Wl-LWl  MWl  =2933.62 -Kipa  (EqC.24 

2  2 

LW2  ;=  ?  +  T  -  d  -  LW2  =  13.28-ft  MW2  =  W2  LW2  MW2  =6972,87 -Kipft  (EqC.25) 

2  3 


Figure  D.7.  Stability  calculation  to  determine  crack  length  T  according  to  Reclamation  criteria  (1  ft  = 

0.305  m,  1  kip  =  4.448  kN,  1  kip-ft  =  1.356  kN-m,  1  pcf  =16.018  kg/m®,  1  sq  ft  =  0.093  sq  m, 
1  psi  =  6.894  kPa  (Continued) 
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Octermine  L^gth  of  Crack  with  Reservoir  at  100  feet  (Using  Corps  Uplift  Criteria) 
Tailwater  moment  arm  and  moment 

LTWv  :=  —  +  (- 1 .0)  LTWv  =  32.22-ft  NfTWv  :=  TWvLTWv 

^  ^  MTWv=17.62-Kipft 

LTWh:=—  LTWh=1.67-a  MTWh  =  TWh  LTWh  MTWh  =  1.3 -Kipft 

3 


Uplift  moment  arms  and  moment 


T=  8.23 -ft 


(EqC.27) 


(Eq  C.29) 


LUl  =  ■ 


LUl  =37.5-ft  MUl  ;=  Ul-LUl  MUl  =  1928.91 -Kipft  (EqC.30) 


UJ2  --  -  LU2  =32.5*ft  MU2  =  U2-LU2  MU2  =271.85 -Kipft  (EqC.3l) 

2  \  2 


^  ^  LU3=32.8*ft  MU3  ;=U3  LU3  MU3  =  44.24 'Kipft  (EqC.32) 


LU4  --+T-xd- ^1  LU4=-0.89-ft  MU4  -U4  LU4  MU4  =-17.98 -Kipft  (EqC.33) 

2  \  2  / 


LU5  =  5  +  T  -  xd  -  ( I  LU5  =  9.95-ft  MU5  U5  LU5  MU5  =  1426.88  -Kipft  (Eq  C.34) 

2  \  3  / 


Reservoir  moment  arm  and  moment 

LR  rlil  LR  =  33.33-ft  MR  =  R  LR  MR  =  10416.67 -Kipft  (EqC.28) 

3 

EQUIVALENT  EFFECTIVE  STRESS  AT  CRACK-TIP  (INCLUDES  UPLIFT),  USING  FLEXURE  FORMULA: 
P/A  +  Mc/I  ABOUT  CENTERLINE  OF  UNCRACKED  BASE 
Sum  of  all  Vertical  Forces  (Effective) 

Fveqveff  =  W1  +  W2  +  TWv  -  U1  -  U2  -  U3  -  U4  -  U5  Fveqveff^  375.65  -Kips  (Eq  C.23) 

Sum  of  all  Moments  about  Centerline  of  Uncracked  Base 
Meqveff  :=  MWl  +  MW2  +  MTWh  -  MTWv  -  MUl  -  MU2  -  MU3  -  MU4  -  MU5  -  MR 

Meqveff  =  -4180.38  -Kipft  (Eq  C.36 


c:=-  c=33.38-ft 

2 


l=24806.35‘ft 


Location  of  crack-tip  from  center  of  Uncracked  base 


Moment  of  Inertia  of  Uncracked  Base 


A=Bw  A=66.77-ft^ 

/Fveqveff  Meqveff  c 
CTeqveff_crack_tip  =  - - - - 

\  A.  I  , 


crcqveff_toe  := 


F  veqveff  Meqveff  c 


Area  of  Uncracked  Base 

^  ^  ft>  (EQB.lla) 

.0  aeqveff_crackj.p  =  0  •— 

indicating  crack  has  stopped 


•(-  l.O)  aeqveff_toe  =-78.14  •—  (EqB.l  la) 

I  /  in^ 
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Figure  D.8.  Crack  length  T  =  8.23  ft  according  to  Reclamation  criteria  (Note:  Using  Corps  uplift  criteria) 
(1  ft  =  0.305  m,  1  psi  =  6.894  kPa) 
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Appendix  E 

Stability  Calculations  Made  of 
a  100-ft-  (30.5-m-)  High 
Concrete  Gravity  Dam  Section 
Using  the  Reclamation 
Engineering  Procedure  and  the 
Reclamation  Uplift  Pressure 
Distribution 


E.1  Concrete  Gravity  Dam  Example 

The  same  example  concrete  gravity  dam  problem  as  in  Appendix  D  will  be 
used  to  demonstrate  three  cases  showing  the  procedure  Reclamation  uses  to 
determine  cracking  in  a  gravity  dam.  Reclamation  criteria  for  uplift  will  be  used 
to  demonstrate  the  differences  in  uplift  assumptions.  The  calculations  will  be 
performed  using  MathCad  (MathSoft,  Inc.).*  The  first  case  will  show  the 
calculations  to  determine  the  potential  for  cracking  with  a  reservoir  depth  of 
100  ft  (30.48  m).  The  second  case  will  show  the  calculations  to  determine  the 
depth  of  reservoir  for  a  crack  to  initiate.  The  third  case  will  show  the 
calculations  to  determine  how  far  a  crack  will  propagate  with  the  reservoir  depth 
at  100  ft  (30.48  m). 

The  example  problem  is  a  concrete  gravity  dam  with  the  following 
dimensions,  loads,  and  drainage  (Figure  E.l). 

Dam  height  100  ft  (30.48  m) 

Base  width  L  75  ft  (22.86  m) 


^  References  cited  in  this  Appendix  are  included  in  the  References  at  the  end  of  the  main  text. 
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Uncracked  base  width  B 
Crest  width  d 

Downstream  slope  (run:rise) 
Reservoir  height 

Tailwater  height 
Crack  length  T 

Pressure  head  at  the  drain 

Drain  effectiveness  E 
Distance  drain  from  heel 
Drain  height  above  base 
Concrete  density 
Water  density  Yh, 

Sign  convention; 


75  ft  (22.86  m)  for  case  1  and  2, 
calculated  for  case  3 
5  ft  (1.52  m) 

0.7:1 

100  ft  (30.48  m)  for  case  1  and  3, 
calculated  for  case  2 
5  ft  (1.52  m) 

0  ft  (0  m)  for  case  1  and  2, 
calculated  for  case  3 
calculated  using  Corps  criteria 
(See  Appendix  A) 

0.25 

10  ft  (3.05  m) 

10  ft  (3.05  m) 

150  Ib/ft' (2,402.77  kg/m^) 

62.5  Ib/ft^  (1,001.15  kg/m^) 
Tensile  stress  is  positive. 
Compressive  stress  is  negative. 


E.2  Potential  for  Cracking  with  100-ft 
(30.48-m)  Reservoir  Depth 

The  first  example  calculations  determine  cracking  potential  for  a  reservoir 
depth  of  100  ft  (30.48  m)  using  Reclamation  criteria  (Figure  E.2).  The  following 
is  a  narrative  of  the  calculations. 

a.  Determine  force  components.  Calculate  force  components  for  the  weight 
of  concrete,  reservoir  load,  tailwater  load,  and  uplift  load  (Figures  E.2 
and  E.3).  Force  components  are  designated  W  for  the  concrete  weight,  R 
for  the  reservoir,  TW  for  the  tailwater,  and  U  for  the  uplift.  The  uplift 
profile  is  a  bilinear  distribution  from  full  reservoir  head  at  the  heel  to 
head  at  the  drain  to  full  tailwater  head  at  the  toe.  Notice  the  different 
head  reduction  at  the  drain  from  that  in  Appendix  D  =  68  ft  (20.73  m) 
versus  77.5  ft  (23.62  m)). 

b.  Determine  moment  arms  and  moments  about  uncracked  portion  of  the 
base.  Calculate  the  moment  arms  and  moments  for  all  the  force  compo¬ 
nents  about  the  uncracked  portion  of  the  base  (Figures  E.2  and  E.3). 
Moment  arms  are  designated  with  an  L  and  the  force  designation  (i.e.,  LR 
is  the  moment  arm  for  the  reservoir  load).  Moments  are  designated  M 
and  the  force  designation  (i.e.,  MR  is  the  moment  induced  by  the 
reservoir  load). 

c.  Equivalent  effective  stress  at  the  heel  (includes  uplift).  If  zero  tensile 
strength  of  concrete/,  is  assumed,  the  equivalent  effective  stress  at  the 
heel  and  toe  can  be  calculated  in  lieu  of  using  (indicated  in  the  figures 
in  this  appendix  as  Szu)  to  determine  the  cracking  potential.  The 
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equivalent  effective  stress  is  calculated  using  the  flexure  formula  and  all 
the  force  components  (W,  R,  TW,  and  U)  (Figure  E.2).  In  this  case,  the 
equivalent  effective  stress  at  the  heel  is  6.303  Ib/in^  (43.46  kPa)  tension. 
A  crack  is  postulated  to  initiate  since  this  equivalent  effective  stress  is 
tension  (greater  than  zero). 

d.  Calculate  and  check  for  crack  initiation.  The  method  is  identical 
to  the  equivalent  effective  stress  method  with  zero  tensile  strength  of  con¬ 
crete  (Figure  E.2).  Reclamation  criteria  state  two  values  of  the  drain 
factor  of  1.0  and  0.4.  This  example  uplift  profile  does  not  match  either 
of  these  stated  uplift  profiles,  so  a  new  value  for  p  must  be  calculated. 
First,  the  equivalent  uplift  stress  at  the  heel  is  calculated  using  the  uplift 
forces  and  the  flexure  formula,  which  equals  39.7  Ib/in^  (273.72  kPa) 
(Equation  B.llc).  Second,  the  equivalent  uplift  stress  at  the  heel  from  a 
full  uplift  profile  with  full  reservoir  head  at  the  heel,  no  drains,  and  no 
tailwater  is  calculated  using  the  flexure  formula,  which  equals  43.4  Ib/in^ 
(299.23  kPa)  and  is  always  Yw-^i  (Equation  B.llc).  The  drain  reduction 
factor  is  39.7  Ib/in^  (273.72  kPa)  divided  by  43.4  Ib/in^  (299.23  kPa), 
which  equals  0.91  (Equation  B.14).  Third,  the  total  stress  is  calculated 
using  all  forces  (W,  R,  and  TW)  without  uplift  U,  which  equals  33.4  Ib/in^ 
(230.28  kPa)  compression  (Equation  B.llb).  The  total  stress  does  not 
change  from  the  previous  example  in  Appendix  D  because  uplift  is  not 
included  in  the  total  stress  calculation.  Fourth,  the  total  stress  of 
33.4  Ib/in^  (230.28  kPa)  compression  is  compared  with  of  39.7  Ib/in^ 
(273.72  kPa)  tension.  A  crack  is  postulated  to  form  since  the  tension  is 
greater  than  the  compression.  Figures  B.5  and  E.4  graphically  show  the 
stress  profiles  for  this  example. 


E.3  Determine  Reservoir  Eievation 
When  Crack  initiates 

The  second  set  of  example  calculations  determines  the  reservoir  depth 
when  cracking  initiates  using  Reclamation  criteria  (Figures  E.5  and  E.6).  The 
calculations  to  determine  the  reservoir  depth  when  cracking  initiates  are  an 
iterative  process  and  are  identical  to  the  previous  calculations  with  reservoir 
depth  equal  to  100  ft  (30.48  m).  The  reservoir  elevation  is  varied  until  the 
total  vertical  normal  stress  at  the  heel  equals  For  this  example,  the  reservoir 
level  to  initiate  cracking  is  97.62  ft  (29.75  m).  Notice  the  reservoir  level  is  lower 
for  this  example  than  in  Appendix  D  (H^  =  97.62  ft  (29.75  m)  versus  98.96  ft 
(30.16  m)). 
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E.4  Determine  Depth  of  Cracking  with  Reservoir 
Eievation  of  1 00  ft  (30.48  m) 

The  third  set  of  example  calculations  determines  the  horizontal  extent  of 
cracking  T  with  the  reservoir  depth  (H^)  of  100  ft  (30.48  m)  using  Reclamation 
criteria  (Figures  E.7  and  E.8).  The  calculation  to  determine  the  reservoir  depth 
when  cracking  initiates  is  an  iterative  process,  because  the  uplift  profile  changes 
as  the  crack  grows.  The  calculations  are  similar  to  the  previous  calculations  with 
reservoir  depth  equal  to  100  ft  (30.48  m).  The  crack  length  T  is  varied  until  the 
equivalent  effective  stress  at  the  crack  tip  is  zero.  For  this  example,  the 
calculated  depth  of  cracking  is  30.735  ft  (9.37  m).  Notice  the  crack  length  is 
significantly  longer  in  this  example  than  that  in  Appendix  D  (T  =  30.735  ft 
(9.37  m)  versus  8.23  ft  (2.51  m)).  This  is  because  of  the  larger  uplift  forces  in 
the  Reclamation  criteria.  When  the  crack  initiates,  the  drains  are  assumed 
ineffective.  This  larger  uplift  profile  extends  the  crack  beyond  the  drains,  which 
greatly  extends  the  crack  length. 
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Figure  E.1.  100-ft-high  gravity  dam  section  (1  ft  =  0.305  m,  1  pcf  =16.018  kg/m^ 
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Determine  Potential  for  Crack  Formation  (Using  Reclamation  Uplift  Criteria) 
GIVEN  VARIABLES  (See  Figures  B.5,  E.  I,  E.3,  and  E.4) 


d  -  5  ft  Crest  width 

HI  :=  100.0* ft  Reservoir  height 

H4  -  10*  ft  Gallery  height 


yc 


H2  :=  5*ft 
yw  :=  62.5* 


T  0.0- ft 


Tailwater  height 
Density  of  water 
CRACK  LENGTH,  T 


ft^ 

xd  :=  10  ft 


w  :=  1-ft 
E  0.25 


Concrete  density 

Drain  distance 
Width  into  paper 

Drain  effectiveness 


Slope  =0.7 
He  :=  100*  ft 


D/S  slope 
Height  of  Dam 


DETERMINE  FORCE  COMPONENTS: 
Weight  of  Concrete 

W1  :=  yc-dHcw  Wl  =75 ‘Kips 


L  :=  d  +  He  Slope 
L=75‘ft  Base  length 

Kips  :=  10001b 

B  :=  L  -  T  Uncracked  base  width 
B=75*ft 


W2  :=  0.5*yc  Hc*(L- d)  w 
Wdam  :=  Wl  +  W2 

Tailwater 


W2  =525  «Kips 
Wdam  =600 -Kips 


Concrete  region  1 
Concrete  region  2 
Total  dam  weight 


(EqC.13) 


TWv  :=  0.5  yw  H2  Slope* H2*w 

TWh  =  0.5*ywH2*H2*w 

Uplift 

TWv  =0.55 -Kips 

TWh  =0.78 -Kips 

Vertical  tailwater 
Horizontal  tailwater 

(EqC.15) 

H3j^:=(Hl-H4)(l-E)  +  H4 

H3t^=77.5-ft 

Head  at  drain,  Reclamation  criteria(Eq  B.5) 

H3„ax=«7-33-ft 

(Eq  B.5a) 

H3  =  if ^H3  tjy  ^H3  ,  H3  ,  H3 

t^)  H3=77.5-ft 

U1  ;=  ywHI-Tw 

U1  =0-lb 

Uplift  region  1 

(EqC.19) 

U2  :=  yw  H3  (xd  -  T)  w 

U3  :=  0.5  rw  (Hl  -  H3)  (xd  -  T)  w 

U23  :=  U2  H-  U3 

U4  :=  yw'H2*(L  -  xd)  w 

U5  =  0.5  yw  (H3  -  H2)  (L  -  xd)  w 

U45  :=  U4  +  U5 

Utotal  :=U1  +U2+U3  +U4+U5 
Reservoir  Force 


U2  =48.44 ‘Kips  Pressures: 

U3  =7.03  -Kips 
U23  =  55.47  -Kips  (Eq  C.20) 

U4  =20.31  -Kips 
U5  =  147.27  -Kips 


Uri  -  Hl  yu’  uri  =43.4 


u h2  " 


lb 

2 

m 

lb 


lb 


U45  =  167.58  -Kips  (Eq  C.21) 

Utotal  =  223 .05  ‘Kips  Total  uplift  force 
(EqC.22) 


^H3  ur3  =33.64  — 


R  :=  0.5  yw  HI  -w 


R  =  3 1 2.5  ‘Kips  Horizontal  reservoir  force 

DETERMINE  MOMENTS  ABOUT  CENTER  OF  UNCRACKED  PORTION  OF  THE  BASE: 

Kipft  :=  lOOO-lb-ft 

MWl  =  WlLWl  MWl  =2625 -Kipft 


Concrete  moments  arms  and  moments 

B  d 

LWl  ;=-+T-- 

2  2 

B  ,  He  Slope 

LW2  :=  -  +  T  -  d - — ^ 

2  3 


(EqC.24 


LWl  =35-ft 

LW2  =9.17*ft  MW2  =  W2LW2  MW2  =4812.5 -Kipft  (EqC.25) 


Figure  E.2.  Initial  stability  calculation  of  a  gravity  dam  with  full  base  contact  following  Reclamation 
criteria  (1  ft  =  0.305  m,  1  kip  =  4.448  kN,  1  kip-ft  =  1.356  kN-m,  1  pcf  =  16.018  kg/m®, 

1  sq  ft  =  0.093  sq  m,  1  psi  =  6.894  kPa)  (Sheet  1  of  3) 
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Determine  Potential  for  Crack  Formation  (Using  Reclamation  Uplift  Criteria) 

Tailwater  moment  arm  and  moment 

LxWv  -  Y  +  /H^-Slopej  ^  ^  LTWv  =  36.33-ft  MTWv  =  TWvLTWv 

MTWv  =  19.87-Kipft 

LTWh:=—  LTWh  =  1.67-ft  MTWh  =  TWh  LTWh  MTWh  =  1.3*ICipft 

3 

Uplift  moment  arms  and  moment 


B  T 

LUl  =  -  +  - 

2  2 


LUl=37.5-ft  MU1:=U1LU1  MUl  =0*Kipft 


T=0*ft 


(EqC.27) 


(EqC.29) 


(EqC.30) 


B  /xd  -  T 


LU2=32.5-ft  MU2:=U2LU2  MU2  =  1574.22 -Kipft  (EqC.31) 


LU3  1  LU3  =34.17-ft  MU3  :=  U3  LU3  MU3  =240.23 -Kipft  (EqC.32) 

2  \  3  / 


LU4  5  +  T  -  xd  -  LU4  =-5-ft  MU4  -  U4  LU4  MU4  =-101.56  -Kipft  (EqC.33) 


LU5  2  +  T  ~  xd  -  )  LU5  =5.83*ft  MU5  =  U5  LU5  MU5  =859.05  -Kipft  (Eq  C.34) 

2  \  3  / 


Reservoir  moment  ami  and  moment 

LR;=—  LR=33.33-ft  MR:=RLR  MR  =  104 16.67 -Kipft  (EqC.28) 

3 

EQUIVALENT  EFFECTIVE  STRESS  AT  CRACK-TIP  (INCLUDES  UPLIFT),  USING  FLEXURE  FORMULA: 
P/A  +  Mc/I  />iBOUT  CENTERLINE  OF  UNCRACKED  BASE 

Sum  of  all  Vertical  Forces 

Fveqveff  ;=  Wl  +  W2  +  TWv  -  UI  -  U2  -  U3  -  U4  -  U5  Fveqveff  =  377.5  -Kips  (Eq  C.23) 

Sum  of  all  Moments  about  Centerline  of  Uncracked  Base 
Meqveff  -  MWl  +  MW2  +  MTWh  -  MTWv  -  MUl  -  MU2  -  MU3  -  MU4  -  MU5  -  MR 

MeqvefF  =  -5569.67  -Kipft  (Eq  C.36 


c:=-  c=37.5-ft 

2 


Location  of  crack-lip  from  center  of  Uncracked  base 


I=35156.25-ft 


Moment  of  Inertia  of  Uncracked  Base 


A-Bw  A  75  ft  Area  of  Uncracked  Base 

aeqvefF_crack_tip  -  j-  1 .0  CTeqvefF_crack_tip  =  6.303  (EQ  B.  1  la) 

\  ^  ^  /  in  Positive  =  tension  (If  tension, 

then  crack  grows) 

(TeqvefFjoe  ;=  Meqveffc\  ^  ^  aeqveffjoc  =-76.21  -1?^  (EqB.lla) 

\  A  I  /  in^ 


/Appendix  E  Stability  Calculations  Using  Reclamation  Engineering  Procedure  and  Uplift  Pressure  Distribution 
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Determine  Potential  for  Crack  Formation  (Using  the  Reclamation  Uplift  Criteria) 
CALCULATE  Szu  AND  CHECK  FOR  CRACK  INITIATION: 

Calculate  stress  at  crack  tip  and  toe  from  Uplift  forces  only 
Fveqv__uplift  =  U1  -t  U2  +  U3  i-  U4  t  U5 
Meqy_uplift  ;=  MUl  +  MU2  +  MU3  -t  MU4  f-  MU5 


T=0*ft 


Fveqv  uplift  =  223.05  'Kips 


/Fveqv  uplift  Meqv_uplift  c 
ceqv  uplift_crklip  =  - = - - - - 

I  A  I 


/Fveqv  uplift  Meqv  uplift- c 
CTeqv_uplift_toe  =  I  — — - j - 


Meqv^uplift  =  2571.94  •Kipft 
lb 

aeqv_uplift:crlctip  =  39.7  • 


.  2 
m 


oeqv_uplift_toe  =  1.6 


jb 

in^ 


=43.4.i^ 


Calculate  stress  at  heel  from  full  uplift  profile  =  no  tailwater,  no  drains 
Equivalent  triangular  uplift  distribution 

cyfull=1.0  ywHl  ;=  LOyw  Hl  upjj 

Calculate  Drain  factor  (p)  value  in  Szu=pgwh-ft/s 

T  =  0-ft  Crack  length  (T),  if  T=0,  then  at  heel 

aeqv^uplift^crktip 

P  - 

lb 


(EqC.35) 

(EqB.llc) 

(EqB.llc) 

(EqB.llc) 

(EqD.9) 


p=0.91 


f*:=0* 

I  .  2 
m 

S  :=  1.0 


Tensile  strength  of  concrete 


Safety  factor 


ft 

Szu  :=  p-yw-Hl - 

s 


Szu  =39.7 


Jb 

.  2 
in 


CALCULATE  TOTAL  STRESS  (WITHOUT  UPLIFT) 
Fv_total  :=  W1  +  W2  +  TWv 
Mtotal  :=  MWl  +  MW2  +  MTWh  -  MTWv  -  MR 
/Fv  total  Mtotal  c\ 


atotal__crktip 


ototal  toe  ;= 


A  I 

Fv  total  Mtotal- c 


1.0 


(-1.0) 


p  is  the  ratio  of  the  stress  at  the  heel  from 
uplift  profile  in  question  divided  by  the  stress 
at  the  heel  from  a  full  triangular  uplift  profile 
(EQB.14) 

Szu  is  the  same  as  the  vertical  stress  at  the 
heel  from  the  uplift  profile  in  question  when 
the  tensile  strength  of  concrete  =  0  psi. 

(EqB.12) 


Fv_total  =600.55  'Kips 
Mtotal  =-2997.73  -Kipft 

ototal  crktip  =  -33.4  * — -  (Eq  B.  1  lb) 


<Ttotal  toe  =-77.81 


lb  (EqB.llb) 


A  I 

COMPARE  TOTAL  STRESS  (WITHOUT  UPLIFD  WITH  Szu 
ototal^crktip  =-33.4  -lb- in  ^  Szu  =  39.7  -  lb  in  ^ 

Compare  =  <rtotal_crktip  -  Szu  (- 1.0)  Compare  =6.3  -lb  in 


Cracking: If  the  total  stress  has  a 
compression  greater  than  Szu,  then 
no  crack  develops. 


Figure  E.2.  (Sheet  3  of  3) 
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Figure  E.3.  Pressure  and  equivalent  resultant  forces  acting  on  the  100-ft-  (30.48-m-)  high  gravity  dam 
section 
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Figure  E.4.  Minimum  allowable  compressive  stress  according  to  Reclamation  criteria  and  assuming 
full  base  contact  (1  psi  =  6.894  kPa) 
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Determine  Reservoir  Level  to  Induce  Crack  Formation  (Using  Reclamation  Uplift  Criteria) 
GIVEN  VARIABLES  (See  Figures  B.5,  E.  I,  E.3,  and  E.6) 

d  =  5  ft  Crest  width 


HI  -  97.6218  ft  Reservoir  height 
H4  ;=  10  ft  Gallery  height 


yc  :=  150- 


lb 


5  ft 


H2 
yw 

T  =  O.O-ft 


62.5  — 


Tailwater  height 
Density  of  water 
CRACK  LENGTH,  T 


ft" 

xd  -  lO-fl 
w  :=  I'ft 
E  =  0.25 


Concrete  density 


Drain  distance 
Width  into  paper 

Drain  effectiveness 


DETERMINE  FORCE  COMPONENTS: 
Weight  of  Concrete 

W1  -  yc-d-Hc- w  WI  =75  -Kips 


Slope  =  0.7  D/S  slope 

He  =  1 00-  ft  Height  of  Dam 

L  :=  d  +  He* Slope 
L=75-ft  Base  length 

Kips  =  1000- lb 

B  :=  L  -  T  Uncracked  base  width 
B=75-ft 


W2  -  0.5  yc  Hc  (L-  d)  w 
Wdam  Wl  +  W2 

Tailwater 

TWv  =  0.5-ywH2Slope-H2w 
TWh 0.5  yw  H2*H2  w^ 


W2  =525  -Kips 
Wdam  =600 ‘Kips 

TWv  =0.55 ‘Kips 
TWh  =0.78 -Kips 


Concrete  region  1 
Concrete  region  2 
Total  dam  weight 


Vertical  tailwater 
Horizontal  tailwater 


(EqC.13) 

(EqC.15) 


Uplift 

U3^  =  (HI  -H4)-(l  -E)  +  H4 


H3 


L  -  xd 


max 


(HI  -  H2)  +  H2 


H3  ^  =  75,72* ft  Head  at  drain.  Reclamation  criteria(Eq  B.5) 

(EqB.Sa) 


H3^ax=85.27-ft 


H3  := 

U1  :=yw-H1‘Tw 
U2  :=yw  H3-(xd-  T)-w 
U3  =  0.5  yw  (Hl  -  H3)  (xd  -  T)  w 
U23  -  U2  +  U3 
U4  :=yw  H2  (L-  xd)  w 
U5  •=  0.5‘yw  (H3  -  H2)-(L-  xd)  w 
U45  -  U4  +  U5 

Utotal  :=  U1  +  U2  +  U3  +  U4  +  U5 


H3  =75.72*ft 


U1  =0*lb 
U2  =47.32 -Kips 
U3  =6.85 -Kips 
U23  =54. 17 -Kips 
U4  =20.31 -Kips 
U5  =143.64 -Kips 
U45  =  163.96 -Kips 
Utotal  =218.12 -Kips 


Uplift  region  1 

Pressures: 


(EqC,l9) 


'^Hl 

(Eq  C.20)  u  JI2 

'^H3 

(EqC.21) 


Hlyw  =42.37*- 


Ib 


H2  yw  u 


H2 


m 

=  2.17.ii 
.  2 
in 

lb 

H3  yw  Uu<i=32.86* — 


Reservoir  Force 
R  :=  O.S  ywHl^  w 


Total  uplift  force 
(Eq  C.22) 

Horizontal  reservoir  force 


R  =  297.81 ‘Kips 

DETERMINE  MOMENTS  ABOUT  CENTER  OF  UNCRACKED  PORTION  OF  THE  BASE: 
Concrete  moments  arms  and  moments  Kipft  =  lOOO  Ib-  ft 

LWl  =35‘ft  MWl  :=  Wl  LWl  MWl  =2625*Kipft 


B  d 

LWl  =--hT-- 
2  2 

B  He  Slope 

LW2  =  -  +  T  -  d - - 

2  3 


LW2  =9.l7‘ft  MW2  =  W2LW2  MW2  =4812.5 -Kipft 


(EqC.24 

(EqC.25) 


Figure  E.5.  Reclamation  calculation  to  determine  reservoir  elevation  resulting  in  equal  to 

(1  ft  =  0.305  m,  1  kip  =  4.448  kN,  1  kip-ft  =  1.356  kN-m,  1  pcf  =16.018  kg/m^l  psi  = 
6.894  kPa)  (Sheet  1  of  3) 
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Detennine  Reservoir  Level  to  Induce  Crack  Formation  (Using  Reclamation  Uplitt  Criteria)  T  -  0-ft 

Tailwater  moment  arm  and  moment 

LTWv  r  —  +  /H^-Slopej  ^  ^  LTWv  =  36,33-ft  WTWv TWvLTWv 

^  ^  ^  MTWv  =  19.87-Kipft 

LTWh  =—  LTWh  =  1.67-ft  MTWh  =TWh  LTWh  MTWh  =  1 .3 -Kipft  (EqC 

3 


Uplift  moment  arms  and  moment 


B  T 

LUl.-.- 

LU2:=?-(^ 
2  \  2 


LUl  =37.5-ft  MUl  :=  Ul  LUl  MUl  =0-Kipft 


(EqC,  27) 
(EqC.29) 


(EqC.30) 


LU2=32.5-ft  MU2:=U2LU2  MU2  =  1537.99 -Kipft  (EqC,31) 


LU3  =  ?  -  LU3  =34.17-ft  MU3  =  U3  LU3  MU3  =233.89-Kipft  (EqC.32) 

2  \  3  ; 

LU4  :=§  +  T-xd- LU4=-5-ft  MU4  =  U4-LU4  MU4  =-101.56 -Kipft  (EqC.33) 


LU5  ;=  -  -r  T  -  xd  -  ■  — j  LU5  =5.83-ft  MU5  =  U5  LU5  MU5  =837.92 -Kipft  (EqC.34) 

Reservoir  moment  arm  and  moment 

Lr  -MI  LR=32.54-ft  MR  :=  R  LR  MR  =9691.01 -Kipft  (EqC.28) 

3 

EQUIVALENT  EFFECTIVE  STRESS  AT  CRACK-TIP  (INCLUDES  UPLIFT),  USING  FLEXURE  FORMULA: 
P/A  Mc/I  ABOUT  CENTERLINE  OF  UNCRACKED  BASE 

Sum  of  all  Vertical  Forces 

Fveqveff  :=  W1  t  W2  -i-  TWv  -  U1  -  U2  -  U3  -  U4  -  U5  Fveqveff  =  382.42  -Kips  (Eq  C.23) 

Sum  of  all  Moments  about  Centerline  of  Uncracked  Base 
Meqveff:=MWl  +  MW2  +  MTWh  -  MTWv  -  MUl  -  MU2  -  MU3  -  MU4  -  MU5  -  MR 

Meqveff  =  -4780.3 1  -Kipft  (Eq  C.36) 


c  c=375*ft  Location  of  crack>tip  from  center  of  Uncracked  base 

‘  2 

I  ^  ^  I  =  3  5 1 56  25  *  ft"*  Moment  of  Inertia  of  Uncracked  Base 

12 

A-B-w  A=75-ft^  Uncracked  Base 

/Fveqveff  MeqvefFc\  _  (EQB.lla) 

aeqveff  crack Jip  =  - - - -t- - -  ‘  LO  CTeqvefr_crackJip  0  Positive  =  tension  (If  tension, 

\  A  1  /  m  ,  ,  . 

then  crack  grows) 

aeqveff  toe  -  ,.0)  aeqveffjoe  =-70.82  (EqB.lla) 

\  A  I  /  in 


Figure  E.5.  (Sheet  2  of  3) 
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Determine  Reservoir  Level  to  Induce  Crack  Formation  (Using  Reclamation  Uplift  Criteria) 
CALCULATE  Szu  AND  CHECK  FOR  CRACK  INITIATION: 

Calculate  stress  at  crack  tip  and  toe  from  Uplift  forces  only 

Fveqv_uplia  :=  U1  +  U2  t  U3  t  U4  .  U5  Fveqv_uplift  =  2 1 8. 1 2 -Kips 

Meqv_uplift  ;=  MUl  +  MU2  ^  MU3  +  MU4  t  MU5  Meqv_uplift  =  2508.23  -Kipft 

aeqv_uplift_crktip  :=  /FveeypM  ^  Meqv^pliM  aeqv_uplift_erkt.p  =  38.78 


T=0-ft 


(Eq  C.35) 
(EqB.llc) 


oeqv_uplift_toe  = 


Fveqv  uplift  Meqv_uplift  c 


oeqv_uplift_toe  =  1 .62  * 


(EqB.l  Ic) 


Calculate  stress  at  heel  from  full  uplift  profile  =  no  tailwater,  no  drains 
Equivalent  triangular  uplift  distribution 

u„,  1.0  yw  Hl  Uu,  =42.37-™ 


(EqB.llc) 


Calculate  Drain  factor  (p)  value  in  Szu=pgwh-ft/s 

T  =0*ft  Crack  length  (T),  if  T=0,  then  at  heel 

_  aeqv_uplift_crktip  „  o->  P ' 


p  =0.92 


Tensile  strength  of  concrete 


s  1.0 


Safety  factor 


Szu  -  p  yw'Hl - 

s 


Szu  =38.78' 


p  is  the  ratio  of  the  stress  at  the  heel  from 
uplift  profile  in  question  divided  by  the  stress 
at  the  heel  from  a  full  triangular  uplift  profile 
(PQB.14) 

Szu  is  the  same  as  the  vertical  stress  at  the 
heel  from  the  uplift  profile  in  question  when 
the  tensile  strength  of  concrete  =  0  psi. 

(EQB.12) 


CALCULATE  TOTAL  STRESS  (WITHOUT  UPLIFT) 

Fvjotal  =  W1  +  W2  +  TWv 

Mtotal  :=  MWl  +  MW2  +  MTWh  -  MTWv  -  MR 

,  ,  .  /Fv  total  Mtotal- c\  ,  ^ 

ctotal_crktip  =  [ — ^ - 1- 1.0 

,  /Fv  total  Mtotal  c\  ^ 
ototal  toe  -  — = - (-1.0) 

I  A  I  r 

COMPARE  TOTAL  STRESS  (WITHOUT  UPLIFT)  WITH  Szu 
atotal_crktip  =  -38.78  *lb*  in’  ^  Szu  =  38.78  *  lb  in  ^ 

Compare  -  ototal^crktip  -  Szu  (- 1.0)  Compare  =0*lb-in‘ 


Fv^total  =  600.55  *Kips 
Mtotal  =-2272.08  -Kipft 

ototal  crktip  =  -38.78  •—  (Eq  B.  1  lb) 


ototal  toe  =  -72.44  • 


(EqB.l  lb) 


Crackingilf  the  total  stress  has  a 
compression  greater  than  Szu,  then 
no  crack  develops. 


Appendix  E  Stability  Calculations  Using  Reclamation  Engineering  Procedure  and  Uplift  Pressure  Distribution 


E13 


Figure  E.6.  Reservoir  elevation  H,  =  97.62  ft  using  Reclamation  criteria  when  equals 

(1  ft  =  0.305  m,  1  psi  =  6.894  kPa) 
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Determine  Length  of  Crack  with  Reservoir  at  100  Feet  (Using  Reclamation  Uplift  Criteria) 
GIVEN  VARIABLES  (See  Figures  B.5.  E,  1 ,  E3,  and  E.8) 

d  :=5  ft  Crest  width  Slope  =  0.7  D/i 

III  -100.0  ft  Reservoir  height  yc  :=  150---  Concrete  density  tr^  mn.ft  Wp 


III  -  100.0  ft  Reservoir  height 
H4  =  10  ft  Galleiy  height 
Tailwater  height 

H2  =  5ft 


yw  =  62.5 


Density  of  water 


T  =  30.735  ft  CRACK  LENGTH,  T 


xd  =  10- ft  Drain  distance 

^  Width  into  paper 

w  =  I  ft 

E  =  0.25  Drain  effectiveness 


Slope  =  0.7  D/S  slope 
He  -  100- ft  Height  of  Dam 


L  =  d  H-  He- Slope 
L=75‘ft  Base  length 

Kips  =  10001b 

B  =  L  -  T  Uncracked  base  width 


DETERMINE  FORCE  COMPONENTS: 

Weight  of  Concrete 

Wt  -yc  dHc  w  Wl  =75 -Kips 

W2  :=  0.5  rc-Hc  (L  -  d)  w  W2  =525  *Kips 
Wdam  :=  W1  +  W2  Wdam  =600 -Kips 


B=44.27-ft 


Tailwater 

TWv  =  0.5ywH2'SlopeH2w 
TWh  :=  0.5  yw  H2  H2  w 

Uplift  (EQB.6) 

(Hl-H4)(L-xd) 

H3TltX  = 


TWv  =0.55 -Kips 
TWh  =0.78 -Kips 


Concrete  region  1 
Concrete  region  2 
Total  dam  weight 


Vertical  tailwater 
Horizontal  tailwater 

Pressures: 


=142.16*ft 


(EqC.13) 


(EqC.15) 


U|q|  =Hlrw  “HI 

in 

lb 

uh2=H2tw  ujj2=2.17-— 


H3  =  if(T<xd,H3  -^3  Tgtx)  ^3  =  100-a 


“H3  — 


Ul:=ywHlTw  U1  =192.09 -Kips  (EqC.19) 

U2  =  if(T£xd,rw  H3  (xd  -  T)  w,0)  U2  =0-Kips 

U3  :=  if(T<xd,0.5  Yw  (Hl  -  H3)  (xd  -  T)  w.0)U3  =0-Kips 
U23  =  U2  +  U3  U23  =  0  -Kips  (Eq  C  20) 

U4  :=  if(T<xd,YW  H2  (L  -  xd)  w .yw  H2  B  w)  U4  =  13.g3  -Kips 
U5  =  if(T<xd,0.5  yw  (H3  -  H2)  (L  -  xd)  w.O.S  yw  (HI  -  H2)  B  w) 

U45  =  U4  4-  U5  U4S  =  145.24 -Kips  (Eq  A.21)  U5  =  131.41  -Kips 
Utotal  =  U1  +  U2  +  U3  U4  +  U5  Utotal  =  337.34  -Kips  Total  uplift  force 

Reservoir  Force 


(EqC20) 


(Eq  C.22) 


R:=05ywH1  w  R=3l2.5'Kips  Horizontaln 

DETERMINE  MOMENTS  ABOUT  CENTER  OF  UNCRACKED  PORTION  OF  THE  BASE; 
Concrete  moments  arms  and  moments  Kipft  =  lOOO  lb-ft 


Horizontal  reservoir  force 


LWl  =  ?  r  T  -  -  LWl  = 

2  2 

B  He*  Slope 

LW2  =  -  4^  T  -  d - ^ 

2  3 


LWl  =50.37-11  MWl  =  WlLWl  MWI  =3777.56 -Kipft 


(EqC.24) 


LW2  =24.53-ft  MW2  =  W2LW2  MW2  =  12880.44 -Kipft (EqC.25) 


Figure  E.7.  Stability  calculation  to  determine  crack  length  T  according  to  Reclamation  criteria  (1  ft  = 
0.305  m,  1  kip  =  4.448  kN,  1  kip-ft  =  1.356  kN-m,  1  pcf  =16.018  kg/m®,  1  psi  =  6.894  kPa, 
1  sq  ft  =  0.093  sq  m)  (Continued) 


Appendix  E  Stability  Calculations  Using  Reclamation  Engineering  Procedure  and  Uplift  Pressure  Distribution 


El  5 


Determine  Length  of  Crack  with  Reservoir  at  100  Feet  (Using  Reclamation  Uplift  Criteria)  T  -  30.73  *  ft 

Tailwater  moment  arm  and  moment 


LTWv  :=  —  +  Slope j  ^  LTWv  =20.97-ft  MTWv  :=  TWvLTWv 

MTWv  =  ll.47-Kipft 

LTWh  :=  —  LTWh  =  1.67-ft  MTWh  =  TWh  LTWh  MTWh  =  1.3  -Kipft 

3 


Uplift  moment  arms  and  moment 

B  T 
LUl  -  -  +  - 

2  2 


B  ^ 

+  T  - 

/xd  -  T 

2 

1  2  , 

4-  T  - 

/xd  -  T’ 

2 

3  , 

LU4  =  iffT^xd,5  +  T-  xd-  — ],0 

[  2  \  2  /  J 

B  j  /L  -  xd\  B 

LU5  -  if  T<xd.-  +  T-  xd-  - 

2  I  3  /  6 


Reservoir  moment  aim  and  moment 


wv.-iwvr.iwv  (EqC.27) 

Wv  =  1 1.47  Kipft 

MTWh  =  1.3  -Kipft  (Eq  C.29) 

LUl  =37.5-ft  (EqC.30) 

MUl  =  UlLUl  MUl  =7203.52-Kipft 

LU2=0-ft  (EqC.31) 

MU2  =  U2LU2  MU2  =0-Kipft 

LU3=0-ft  (EqC.32) 

MU3  =U3LU3  MU3=0 -Kipft 

LU4=0-ft  (EqC.33) 

MU4=U4LU4  MU4=0 -Kipft 

LU5=7.38-ft  (EqC.34) 

MU5  U5  LU5  MU5  =969.49-Kipft 


LR  LR=33.33-ft  MR  =  RLR  MR  =  10416.67 -Kipft  (EqC.28) 

3 

EQUIVALENT  EFFECTIVE  STRESS  AT  CRACK-TIP  (INCLUDES  UPLIFT),  USING  FLEXURE  FORMULA; 
P/A  +  Mc/I  ABOUT  CENTERLINE  OF  UNCRACKED  BASE 

Sum  of  all  Vertical  Forces 

Fveqveff  =  W1  ^  W2  +  TWv  -  U1  -  U2  -  U3  -  U4  -  U5  Fvcqveff  =  263.21  ‘Kips  (Eq  C.23) 

Sum  of  all  Moments  about  Centerline  of  Uncracked  Base 
Meqveff  =  MWl  +  MW2  +  MTWh  ~  MTWv  -  MUl  -  MU2  -  MU3  -  MU4  -  MU5  -  MR 

Meqveff = - 1 94 1 . 84  ‘Kipft  (Eq  C.  36) 


c=22.13‘ft 

2 


I=7227.7‘ft 


A-B'W  A=44.27*ft^ 


Location  of  crack-tip  from  center  of  Uncracked  base 

Moment  of  Inertia  of  Uncracked  Base 
Area  of  Uncracked  Base 


^  ,  /Fvcqveff  Meqveff  c\  i  n 

aeqveff  crack_tip  =  - - - + - - -  1.0  oeqveff^crack Jip  =0  — > 

\  A  I  /  in^ 


toe  1.0) 


aeqveff^toe  =-82.59  • 


Positive  =  tension  (If  tension, 
in^  then  crack  grows) 

(EqB.lla) 


Figure  E.7.  (Concluded) 
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Determine  Crack  Length,  T=30.735  ft 
(Values  in  psi) 


Figure  E.8.  Crack  length  T  =  30.735  ft  according  to  Reclamation  criteria  (1  ft  =  0.305  m,  1  psi  = 
6.894  kPa) 
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Appendix  F 

Stability  Calculations  Made 
Using  FERC  Criteria 


FERC  analysis  of  the  generic  gravity  dam  (Figure  20)  pictured  in  Figure  F.l 
proceeds  in  a  similar  manner  to  the  analysis  done  by  Corps  criteria.  The  dam  is 
pictured  in  Figure  F.l  arbitrarily  oriented  with  respect  to  the  global  x-y  plane  so 
that  the  details  regarding  the  FERC  procedure  are  demonstrated.  A  unit  weight 
of  water  equal  to  62.4  pcf  (999.5  kg/m^)  is  used  in  the  FERC  calculations. 


Figure  F.1 .  Uplift  distribution  at  the  first  and  last  Iteration 
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The  sum  of  forces  in  the  global  x-  and  y-directions  are  calculated.  Moments 
are  summed  about  0,0  as  shown  in  Table  F-1. 


Table  F-1 

Calculated  Sum  of  Forces  In  the  Global  x-  and 
Iteration 

y-DIrecti 

ons,  One 

Force  Description 

F-> 

Arm 

F" 

Arm 

Moment  at  0.0 

Dam  Dead  Load 

-600.00 

125.10 

75062.50 

Reservoir  Load 

312.00 

133.33 

41600.00 

Tailwater  Load 

-0.78 

101.67 

-0.55 

173.83 

15.61 

Uplift 

200.46 

125.71 

-25199.20 

Total 

311.22 

-400.09 

91478.97 

The  resultant  line  of  action  intercepts  the  global  x-axis  at 


^  ^  91478.91  ^ 

400.09 


where 

Mo  0  =  moment  summed  about  0,0 
Fy  =  vertical  component  of  resultant  force 
The  slope  of  the  resultant  line  of  action  is  as  follows: 


SLOPE  = 


E^, 


-400.09 

311.22 


-1.286 


(F-1) 


(F-2) 


where 

Fx  =  horizontal  component  of  resultant  force 

Since  the  dam  base  is  described  by  the  equation  y  =  100,  the  x-location  of 
intersection  point  satisfies  the  following  equation: 

100  =  -1.286  (x  -  228.65)  =>  x  =  150.86  (F-3) 

The  toe  of  the  dam  is  at  x  =175;  therefore,  the  length  of  the  base  in 
compression  is  equal  to 

3  (175  - 150.86)  =  72.42  ft  (F-4) 
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Because  this  is  less  than  the  full  length  of  the  dam  base  (75  ft)  (22.9  m),  a  crack 
will  initiate. 

The  resulting  crack  length  is  75  ft  -  72.42  ft  or  2.58  ft  (22.86  m  -  22.07  m  = 
0.79  m).  The  effect  of  this  crack  is  to  change  the  uplift  distribution.  Full 
reservoir  uplift  pressure  is  now  assumed  in  the  crack,  and  the  rest  of  the  uplift 
distribution  must  be  modified  accordingly.  With  a  new  uplift  force,  the  location 
of  the  resultant  must  be  reevaluated,  which  will  result  in  a  new  crack  length. 
This  iterative  procedure  is  repeated  until  the  predicted  crack  length  no  longer 
changes.  The  results  of  Iteration  20  are  listed  in  Table  F-2. 


Table  F-2 

Calculated  Sum  of  Forces  in  the  Global  x-  and  y-Directions, 

Iteration  20 

Force  Description 

F-> 

Arm 

Arm 

Moment  at  0.0 

Dam  Dead  Load 

-600.00 

125.10 

75062.50 

Reservoir  Load 

312.00 

133.33 

41600.00 

Tailwater  Load 

-0.78 

101.67 

-0.55 

173.83 

15.61 

Uplift 

222.80 

125.71 

-27932.66 

Total 

311.22 

-377.74 

88745.45 

The  resultant  line  of  action  intercepts  the  global  x-axis  at 


E^o.o  ^  88745.45 
377.74 


234.94  ft 


(F-5) 


The  slope  of  the  resultant  line  of  action  is  as  follows; 


SLOPE  = 


-377.74 

311.22 


-1.214 


(F-6) 


The  x-location  of  intersection  point  satisfies  the  following  equation: 

100  =  -1.214  (x  -  234.94)  =>  x  =  152.54  (F-7) 

The  toe  of  the  dam  is  at  x  =  175;  therefore,  the  length  of  the  base  in 
compression  is  equal  to 

3  (175  -  152.52)  =  67.36  ft  (F-8) 

The  final  crack  length  is  then  75  -  67.36  =  7.64  ft  (22.86  m  -  20.53  m  =  2.33  m). 
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The  final  predicted  crack  (7.64  ft  (2.33  m))  is  slightly  less  than  that  predicted 
using  the  Corps  procedure.  This  is  because  the  Corps  assumes  a  higher  unit 
weight  of  water  (62.5  pcf  (1,001.13  kg/m^)  than  does  the  FERC  (62.4  pcf 
(999.5  kg/m^)).  If  the  FERC  procedure  were  performed  assuming  the  higher  unit 
weight  of  water,  the  predicted  crack  length  would  be  identical  to  the  Corps 
result. 


F4 
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